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A B S T R A C T

Bees are exposed to a wide range of multiple chemicals “chemical mixtures” from anthropogenic (e.g. plant pro-
tection products or veterinary products) or natural origin (e.g. mycotoxins, plant toxins). Quantifying the relative
impact of multiple chemicals on bee health compared with other environmental stressors (e.g. varroa, viruses, and
nutrition) has been identified as a priority to support the development of holistic risk assessment methods. Here,
extensive literature searches and data collection of available laboratory studies on combined toxicity data for binary
mixtures of pesticides and non-chemical stressors has been performed for honey bees (Apis mellifera), wild bees
(Bombus spp.) and solitary bee species (Osmia spp.). From 957 screened publications, 14 publications provided 218
binary mixture toxicity data mostly for acute mortality (lethal dose: LD50) after contact exposure (61%), with fewer
studies reporting chronic oral toxicity (20%) and acute oral LC50 values (19%). From the data collection, available
dose response data for 92 binary mixtures were modelled using a Toxic Unit (TU) approach and the MIXTOX
modelling tool to test assumptions of combined toxicity i.e. concentration addition (CA), and interactions (i.e. sy-
nergism, antagonism). The magnitude of interactions was quantified as the Model Deviation Ratio (MDR). The CA
model applied to 17% of cases while synergism and antagonism were observed for 72% (MDR > 1.25) and 11%
(MDR < 0.83) respectively. Most synergistic effects (55%) were observed as interactions between sterol-biosynth-
esis-inhibiting (SBI) fungicides and insecticide/acaricide. The mechanisms behind such synergistic effects of binary
mixtures in bees are known to involve direct cytochrome P450 (CYP) inhibition, resulting in an increase in internal
dose and toxicity of the binary mixture. Moreover, bees are known to have the lowest number of CYP copies and
other detoxification enzymes in the insect kingdom. In the light of these findings, occurrence of these binary mixtures
in relevant crops (frequency and concentrations) would need to be investigated. Addressing this exposure dimension
remains critical to characterise the likelihood and plausibility of such interactions to occur under field realistic
conditions. Finally, data gaps and further work for the development of risk assessment methods to assess multiple
stressors in bees including chemicals and non-chemical stressors in bees are discussed.
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1. Introduction

Worldwide, bee species such as the honey bee (Apis mellifera),
bumble bees (Bombus spp.) and solitary bees (e.g. Osmia spp.) are es-
sential organisms for the environment particularly for their critical
roles in the pollination of crops, flowers and fruit trees and conse-
quently their economic impact (Kennedy et al., 2013; Burkle et al.,
2013; Potts et al., 2010). In the world, 75% of food crops (e.g. cacao,
almond, apple etc.) relies on animal-mediated pollination (Klein et al.,
2007) and the majority of human micronutrients (e.g. vitamins, mi-
nerals) derive from pollinator-dependent crop production (e.g. citrus
fruits, walnuts tree, etc.) (Eilers et al., 2011). In contrast, crops such as
wheat and rice providing mainly macronutrients (e.g. carbohydrate) are
generally wind or self-pollinated (Culley et al., 2002). Moreover, it has
been estimated that honey bees are responsible for providing pollina-
tion service to 96% of animal-pollinated crops and thus playing a key
role in the maintenance and reproduction of 52 out of 115 leading
global commodities (Vanengelsdorp and Meixner, 2010; Klein et al.,
2007). In Europe, 84% of 264 cultivated crops are pollinated by insects
and 4.000 vegetable varieties depend on bee pollination services as well
as in the production of fruits (e.g. kiwi, raspberries, blueberries, etc.),
seeds and vegetables (e.g. sunflower seeds, beetroot, carrots) through
pollination services (Williams, 1994; Corbet et al., 1991; Bommarco
et al., 2012; Hoshide et al., 2018). Bees are also indirectly responsible
for the reproduction and maintenance of wild plant communities and
biodiversity (Aguilar et al., 2006; Ashman et al., 2004; De Groot et al.,
2002). In addition, it is well known that managed honey bees provide
honey, pollen, wax (e.g. for food processing), propolis (e.g. food tech-
nology), and royal jelly (used as a dietary supplement or as food in-
gredient) (Formato et al., 2011; Tinto et al., 2017). Overall, bees re-
present a very significant pollination service bridging agriculture, the
food chain and the ecosystem thereby ensuring food production and
security (Rose et al., 2015). In economic terms, the pollination services,
from honey bees, bumble bees and wild bees contribute at least to 22
billion EUR each year of the European agriculture sector (Commission,
2016).

Over the last decade, important honey bee colony losses have been
reported, particularly in North America and Western Europe (Jacques
et al., 2016; Sanchez-Bayo and Goka, 2016; Steinhauer et al., 2014; Van
der Zee et al., 2012). Scientific evidence shows that the weakening or
death of bee colonies is mainly caused by the combined effects of
multiple stressors rather than by one-off sudden attacks by a single
factor (Goulson et al., 2015; EFSA, 2014a; Potts et al., 2010; Rortais
et al., 2017). Such interactions can occur principally between (i) bio-
logical factors (Nazzi et al., 2012; Nazzi and Pennacchio, 2014), (ii)
environmental factors (Di Pasquale et al., 2016; Goulson et al., 2015; Le
Conte and Navajas, 2008), (iii) chemical and nutritional stressors (Tosi
et al., 2017; Tong et al., 2019), (iv) chemical and biological factors
(Williamson et al., 2013; Klein et al., 2017; Alaux et al., 2010; Vidau
et al., 2011; Pettis et al., 2012; Renzi et al., 2016) and (v) multiple
chemicals (EFSA, 2013a, b; Robinson et al., 2017; Han et al., 2019;
Sanchez-Bayo and Goka, 2016). In particular, the latter is raising con-
cerns among scientists and regulatory bodies since bees can be exposed
to a wide range of multiple chemicals, “chemical mixtures”, including
compounds from anthropogenic (e.g. plant protection products or ve-
terinary drugs) or natural origin (e.g. mycotoxins, flavonoids, plant
toxins) (Johnson, 2015; Tosi et al., 2019; EFSA PPR Panel, 2012; EFSA,
2014a). Hence, investigating the relative impact of multiple chemicals
in comparison to non-chemical stressors (e.g. varroa, viruses) on bee
health has been identified by the European Food Safety Authority
(EFSA) as a priority to support the development of holistic risk as-
sessment (RA) methods (EFSA AHAW Panel, 2016; EFSA, 2017a;
Rortais et al., 2017). In this context, the Scientific Committee of EFSA
has recently published a guidance document on “harmonised meth-
odologies for human health, animal health and ecological RA of com-
bined exposure to multiple chemicals” which provides a harmonised

framework and step wise approaches for whole mixture and compo-
nent-based approaches. The step wise approaches are applied to very
step of the RA process namely problem formulation, exposure assess-
ment, hazard identification and characterisation, risk characterisation
and uncertainty analysis (More et al., 2019). When dealing with com-
ponent-based approaches, two main mathematical reference models are
usually applied when predicting combined toxicity assuming non-in-
teraction: dose/concentration addition (CA) (Loewe, 1926) and in-
dependent action/response addition (IA) (Bliss, 1939). When combined
toxicity significantly deviates from the observed responses from CA or
IA, predictions are usually referred to and modelled as interactions
(Jonker et al., 2005; Kienzler et al., 2016; More et al., 2019). Interac-
tions have been described as either antagonism (i.e. combined toxicity
is below the sum of the components’ toxicity) or synergism (i.e. toxicity
of mixture greater than the sum of components’ toxicity) (Kienzler
et al., 2014). However, if only one of the chemicals in the binary
mixture is expected to cause adverse effect (e.g. clothianidin+ piper-
onyl butoxide), synergism is usually defined as potentiation (Heys et al.,
2016; Robinson et al., 2017). In practice, mixtures of components with
similar Modes of Action (MoA) are addressed using the CA model,
whereas compounds with different MoAs are assessed using the IA
model that mathematically combine probabilities of independent
events (Jonker et al., 2005; Belden et al., 2007). Overall, evidence from
the literature and scientific advisory bodies worldwide support the
application of CA as a conservative approach compared to IA unless
evidence for interactions can be demonstrated (Bopp et al., 2015; EFSA,
2013a, b; More et al., 2019).

The current manuscript provides the first quantitative review of the
available laboratory toxicological studies of binary mixtures of chemi-
cals (i.e. pesticides, veterinary drugs and environmental contaminants)
in honey bees and wild bees. It aims to support hazard assessment by
means of extensive literature searches, data collection, modelling and
analysis of combined toxicity (dose addition, interactions (i.e. syner-
gism, antagonism)) and their associated mechanisms. First, extensive
literature searches are perfomed to identify and collect combined
toxicity endpoints (e.g. LD50 or LC50) from acute and chronic laboratory
studies on binary mixtures in honey bees and wild bees (solitary bees
and bumble bees) together with available toxicity data and mode of
action information from public databases. In addition, dose response
from each individual binary mixture experiment are modelled to
identify the nature and potency of the combined toxicity (dose addition,
synergism, antagonism) and quantify its magnitude using a toxic unit
approach and the MIXTOX model. Furthermore, new predictive hazard
assessment tools applicable to large binary mixture datasets in bees are
developed. The reader should note that exposure assessment (pesticides
application rate, crop management, consumption patterns, etc.) and full
risk characterisation are beyond the scope of this quantitative analysis.
Implications for risk assessment and future directions concludes while
considering mechanisms of interactions, data gaps, importance of ex-
posure assessment scenarios and risk characterisation as well as the
development of methods to assess multiple chemicals and multiple
stressors in bees to support risk management.

2. Materials and methods

2.1. Extensive literature searches

Extensive Literature Searches (ELS) were performed by two in-
dependent reviewers in January 2018 to critically appraise, collect and
analyse data on toxicity of mixtures in bee species (EFSA, 2010), using
structured search strategies (Appendix S1). ELSs were carried out in
PubMed (1975–2018), in Web of Science Core Collection (1975–2018),
including Science Citation Index Expanded, CABI: CAB Abstracts®,
Current Contents Connect®, Data Citation Index SM, FSTA® the food
science resource, MEDLINE®, SciELO Citation Index, Zoological
Record®, Conference Proceedings Citation Index- Science, Book Citation
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Index– Science, Current Chemical Reactions, Index Chemicus). All re-
cords were computed in the EndNoteTM software. In addition, biblio-
graphical sources from EFSA studies and database on mixture toxicity in
bees were checked thoroughly for completeness (Quignot et al., 2015;
Robinson et al., 2017). In addition, qualitative information on the Mode
of Action (MoA) of the individual chemicals were collected from the
literature and available databases (Sparks and Nauen, 2015; Hermann
and Stenzel, 2019; Sanchez-bayo, 2012; Johnson et al., 2012, 2013;
Leroux et al., 2008; De Castro et al., 2015; Huang et al., 2013).

Each individual publication retrieved in EndNoteTM libraries was
screened and assessed using inclusion and exclusion criteria reported in
Table 1 in two steps (i) screening of the titles and abstracts and (ii)
screening of the full-text of the publications. All included and excluded
publications are available under individual EndNote™ libraries.

2.2. Data collection and analysis

2.2.1. Data collection
Following the Extensive Literature Searches, individual tox-

icological endpoints (acute and chronic) from laboratory mixture ex-
periments (e.g. LD50 or LC50) were collected for the oral and contact
exposure according to the inclusion criteria, including bee species,
sample, size, summary statistics (mean, median, standard error of the
mean, standard deviation, confidence intervals) and exposure patterns.
Standardised templates were developed to structure the data into an
excel database designed with relevant picklists. When papers reported
only graphical information, quantitative data were extracted using
“Plot Digitizer GNU” software (available at: http://plotdigitizer.
sourceforge.net/) or the R software (R Core Team, 2019).

In addition, reference points (e.g. LD50, LC50) for all individual
chemicals i.e. mostly Plant Protection Products (PPPs) in honey bees
were extracted from EFSA’s Chemical Hazards database
“OpenFoodTox” (available at: https://zenodo.org/record/1252752#.
XLg-4Oj7SUm) (Dorne et al., 2017; EFSA, 2014b) and other publicly
available databases were consulted including the US-EPA dashboard
(https://cfpub.epa.gov/ecotox/), OECD e-ChemPortal (https://www.
echemportal.org/echemportal/index.action), PPDB-Pesticide Proper-
ties Database (https://sitem.herts.ac.uk/aeru/ppdb/). All binary mix-
tures data were compiled in an excel database for further analysis (see
Section 2.2.2).

2.2.2. Quantification of magnitudes of interaction
2.2.2.1. Estimated mean ratios. A comprehensive analysis of magnitude
of interactions (as potency or synergism ratios) was performed through
the calculation of Estimated Mean Ratios (EMR) for each individual
single compound and binary mixture toxicity dataset or for combined
toxicity between a single chemical and a non-chemical stressor

(biological or nutritional). EMR has been defined as the ratio between
the estimated mean toxicity (e.g. LD50, LC50, EC50) of a given single
chemical (chemical A) for which the experimental dose is available
(EMA) and the estimated toxicity of the binary mixture chemical
A+ chemical B (EMM) or chemical A+non-chemical stressor
(Quignot et al., 2015):

=EMR EM
EM

A

M (1)

Each EMR for a given binary mixture (EMM) is expressed on a
harmonised scale starting at 1 to reflect changes in combined toxicity
either as an increase (+) or a decrease (–) (Quignot et al., 2015).

It is noted that the EMR approach assumes that chemical B does not
contribute to the mixture toxicity which does not fully comply with the
principles of concentration addition (CA), which assumes that any
amount of a chemical always contributes to the combined toxicity ex-
pressed in Toxic Units (Jonker et al., 2005). For each binary mixture,
the statistical significance of the combined toxicity has been estimated
using non-overlapping 95% confidence intervals (95% CI of the EMA vs
95% CI of the EMM for chemical A+B) as described in Johnson et al.
(2012, 2013). All calculations were carried out in the R software (R
Core Team, 2019).

In addition, risk of bias was assessed through the quantification of
the variability across studies by calculating the Confidence Intervals
(CIs) for each Estimated Mean Ratio (EMR). 95% CI were calculated
according to the Fieller (1954) and Delta methods as described in the
formulas (2), (3) and (4).

Fieller's method (Fieller, 1954) is based on the assumption that
( , )1 2 follows a bivariate Normal distribution. For testing = R/1 2 0
(which amounts to testing = R1 0 2), the two-sided t-test is based on:

R R( )/Var[ ]1 0 2 1 0 2
1/2 (2)

The rejection region for this test is the set of values r satisfying:

>r t r( ) Var[ ]1 2 1 2
1/2 (3)

Finding an explicit form for the confidence interval requires solving
a quadratic equation in r . The confidence interval can be of the
form L U( , ), +U( , ) U(0, ) or +(0, ) depending on the number of
solutions of the quadratic equation (Raftery and Schweder, 1993;
Buonaccorsi and Iyer, 1984; Franz, 2007; Von Luxburg and Franz,
2009; Hirschberg and Lye, 2010).

The Delta method is based on a Taylor series approximation of:

=R /1 2 (4)

Around /1 2 that is used to obtain estimates of the expectation and
of the variance of R (Casella and Berger, 2002; Faraggi et al., 2003;
Franz, 2007; Hirschberg and Lye, 2010). Assuming that R follows a

Table 1
Inclusion and exclusion criteria for the selection of relevant literature in the extensive literature search.

Inclusion criteria

Review question - Does the study provide toxicological outcomes for binary mixtures in bee species?
Population of interest - Bees species (i.e. honey bees, bumble bees, Osmia spp.)
Study design - In vivo experimental laboratory studies

- In vivo field/semi-field studies;
- Routes of exposure (i.e. contact, oral)
- Study length (acute, chronic)

Outcome of interest - Summary statistics or individual datasets on toxicity of mixtures and non-chemical stressors (e.g. LD50, LC50 and related statistical descriptors) for
single doses.

- Summary statistics or individual datasets for multiple doses (dose response data) on toxicity of mixtures (e.g. LD50, LC50 and related statistical
descriptors)

Exclusion criteria
Type of study - In vitro studies

- Studies reporting only qualitative data with no toxicological outcome;
- Duplicated studies: studies reporting the same dataset in several publications, studies on non-chemical stressors or combined chemical and non-
chemcial stressors, studies reporting results from systematic reviews, meta-analyses or predictive models.
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normal distribution, the 1 confidence interval is obtained as
± ×R z s. d. where z is the upper /2 quantile of the standard normal

distribution.

2.2.2.2. Standardised mortality ratios. For combined toxicity data
reporting mean mortality or survival probability expressed in % of
individual bees, the standardised mortality ratios (SMR) has been
estimated as the ratio or percentage change in observed deaths
compared to that occurring after exposure to the single compound.
An SMR above 1 is simply interpreted as a higher number of observed
deaths compared to the group exposed to the single compound (Everitt
and Skrondal, 2010).

2.2.2.3. Toxic Unit approach. Analysis of each experimental binary
mixture for acute and chronic (contact or oral) toxicity was
conducted using the Toxic Unit approach to standardise applied dose
and critical endpoints (i.e. LD50) using matching datasets for each
chemical from OpenFoodTox and other databases. The toxic unit
approach assumes that mixture toxicity predictions follow the Dose/
Concentration Addition (DA/CA) model given the quantitative
composition of each chemical within the mixture in relation to their
relative potency (Jonker et al., 2005). Toxic Unit for chemical B (i.e.
TUB) is given as the ratio of the dose/concentration of chemical B
applied in the binary mixture experiment relative to the selected critical
endpoint (e.g. LD50) used as reference as follows:

=TU
Applied Dose

Critical Endpoint
B

B
B

(5)

TUB=0.1 indicates that the dose of compound B applied in the
mixture assay corresponds to 10% of the LD50 or LC50. The expected
combined potency of the mixture relative to a given acute (e.g. LC50,
LD50) or chronic (e.g. long-term NOEC) toxicological endpoint is also
named “mixture strenght” or mixture potency symbolised as “TUm”
(More et al., 2019) according to Eq. (6) (Jonker et al., 2005):

=
=

C
ECx

TUm
i

n
i

i1 (6)

Effect Concentrations (ECxi) relate to the critical endpoint selected
as reference, and Concentration (Ci) refers to the concentration of the
chemical (i) in the mixture. Consequently, while assuming CA as the
default reference model, TUm is calculated by summing the individual
TUi values for each compound present in the mixture (binary, ternary or
with more components) (SCCS, SCENHIR and SCHER, 2012; More
et al., 2019) as follows:

=
=

TUm TU
i

n

i
1 (7)

A mixture with a TUm=1 would be expected to produce the effect
used as the critical endpoint in the TU calculations (e.g. EC10 =>10%
effect, EC50 =>50% effect, LC50 =>50% lethality).

In addition, individual TUB values were ranked into three classes in
comparison with their corresponding EMR to plot and quantify the
relative contribution of compound B (TUB) to the overall combined
mixture (TUm) (see results, 3.2.2):

• TUB≤0.10
• 0.11≤TUB≤0.30
• 0.31≤TUB≤0.60

According to each TUB class, the distribution of the EMR values
against their “reverse cumulative frequency“ has been plotted and fits
were tested with Pearson product-moment correlation coefficient (R2).
This allowed quantifying the contribution of chemical B to the com-
bined toxicity of the binary mixture.

2.2.3. Predictive models for combined toxicity and model deviation ratios
For each individual binary mixture, predictive models of combined

toxicity were compared to the experimental dose response data to as-
sess deviation from DA/CA, i.e. interactions synergism, potentiation or
antagonism. The DA/CA model assumes that the chemicals have a si-
milar Mode of Action (MoA) in the mixture and they do not interact
with each other, thus that they do not influence each other’s uptake,
distribution or metabolism at the site of the biological target (Faust
et al., 2003; Jonker et al., 2005; Cedergreen et al., 2014, 2012;
Backhaus et al., 2004, 2013).

Therefore, if a mixture of n chemicals with TUm=1 results in an x
% (i.e. the selected critical endpoint reference value) effect compared to
the control response, then the mixture is acting according to DA/CA as
the following relationship holds:

= ==
C

ECx
TUm 1i

n i

i
1 (8)

where Ci represent the concentration of chemical i in the mixture and
ECxi is the effect concentration of chemical i that results in the same
effect (x%) as observed in the mixture. However, as full dose response
data are rarely reported in the literature it is difficult to derive all ECx
values to test mixtures yielding effects of different intensity (e.g. 10, 20,
50, and 80%). Hence, because the most commonly reported critical
endpoint values usually refer to 50% effects for both single chemicals
and mixtures, the expected TUm for a mixture observed to give 50%
mortality under CA would be TUm=1, when the TUi values are using
the LC50 values of the individual chemicals as reference values. Based
on the availability of critical endpoints from the data collection, ECx in
Eqs. (6) and (8) were substituted with LC50 or LD50 values to quantify
how well the observed effects fit the CA predictions for the binary
mixture toxicity in bee species.

The magnitude of the deviation between the concentration addition-
predicted model (predicted TUm) and the experimental data (observed
TUm) was calculated as model deviation ratio (MDR) based on the TUm
values according to Belden et al. (2007) using Observed TU values
calculated as TUm in the mixture (50% mortality) compared to that
from the expected TUm value of a mixture causing 50% lethality as TU
of 1 as follows:

=MDR
predicted TU
observed TU

m

m (9)

Here, MDR values (Eq. (9)) represent the ratio between the expected
or “predicted TUm” for a binary mixture causing 50% mortality (by
definition a TUm=1) (Eq. (8)), and the “observed TUm” (Eq. (6))
calculated as TUm causing 50% mortality (Belden et al., 2007; Coors
and Frische, 2011; Cedergreen et al., 2013, 2012). Thus, MDR values
above 1 indicates toxicity above that expected from CA predictions, and
MDR values below 1 indicates toxicity below that expected from CA
predictions. According to the current scientific literature (Belden et al.,
2007; Cedergreen, 2014), biologically significant synergism has been
defined for a range of species as a deviation from CA superior to two-
fold. As a consequence, mixtures are usually termed additive for
0.5≤MDR≤2, antagonistic for MDR values< 0.5 and synergistc for
MDR values> 2 (Belden et al., 2007; Cedergreen, 2014). In our ana-
lysis, besides applying the MDR approach to characterise mixture ef-
fects, the statistical significance of the combined toxicity was assessed
and calculated using non-overlapping 95% confidence intervals (i.e.
95% CI of the EMA vs 95% CI of the EMM for chemical A+B) as de-
scribed by Johnson et al. (2012, 2013). From this analysis of statistical
significance, MDR thresholds were refined as follows:

• MDR values between 0.83 and 1.25 indicate that combined toxicity
follows DA/CA with observed TUm values deviating less than 1.5-
fold from the expected TUm of 1.
• MDR values< 0.83 indicate that combined toxicity is below that
predicted from CA and classified as antagonism;
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• MDR > 1.25 indicates that combined toxicity is above that pre-
dicted from CA and classified as synergism.

2.2.4. Comparison of estimated mean ratios and model deviation ratios
A polynomial regression model (with formula y~ x+ I(x^2)+ I

(x^3)) was fitted between the EMR from the individual dose response
data and the corresponding individual MDR to assess the potential
correlation between the two approaches by means of a Pearson product-
moment correlation coefficient (R2) (see result 3.2.4). R software has
been used and R-script is provided in supplementary materials.

3. Results and discussion

3.1. Extensive literature searches

The results of the extensive literature search on combined toxicity of
chemicals in honey bees and wild bees (solitary bees and bumble bees)
are illustrated in Fig. 1 as a PRISMA flow diagram. 957 peer-reviewed
articles were initially identified from the literature with total of 14
papers matching the inclusion criteria with relevant data providing a
total of 218 binary mixtures (Moher et al., 2009) resulting from in vivo
experimental laboratory studies. Overall, most publications (n= 10)
reported mortality data in honey bees (Apis mellifera) for binary mix-
tures of pesticides with dose response data available for a total of 92
individual binary mixtures (Johnson et al., 2013, 2012, 2009, 2006;
Zhu et al., 2017; Guseman et al., 2016; Rinkevich et al., 2015; Wilkinks
et al., 2013; Iwasa et al., 2004; Ellis et al., 1997). Similarly, four peer-
reviewed articles provided relevant data for binary mixture toxicity in
wild bees (Bombus spp.) and solitary bees (Osmia spp.) (Robinson et al.,

2017; Sgolastra et al., 2017; Spurgeon et al., 2016; Biddinger et al.,
2013). Finally, studies on chemical-non-chemical interactions were
provided in two peer-reviewed articles and were excluded from the
analysis (Tosi et al., 2017; Alaux et al., 2010).

Overall, toxicity data were mostly available for acute contact toxi-
city i.e. topical application (61%) with few studies reporting chronic
oral effects (20%) or acute oral toxicity data (19%) as highlighted in a
recent meta-analysis (Quignot et al., 2015). The rationale behind such
findings lies in the fact that acute toxicity tests (24 and 48 h) for honey
bees are usually applied in the area of chemical risk assessment for
regulated products such as pesticides. However, honey bees are exposed
chronically to a range of chemicals (both alone and in combination),
either by foraging on contaminated areas, or through contaminated
food, stored and consumed in the hive (EFSA, 2013a; EFSA AHAW
Panel, 2016). Recently, the OECD (Organisation for Economic Co-op-
eration and Development) proposed a new guideline (OECD, 2017) for
chronic oral toxicity tests (10-days feeding test in the laboratory).

From the extensive literature search, data for 51 chemicals, the vast
majority as pesticides, were identified and their corresponding Modes
of Action (MoA) were analysed for their pesticidal MoA for 23 in-
secticides and 16 fungicides respectively as well as MoA in honey bees
as non-target species (Table 2). For the toxicological MoA in honey
bees, classifications schemes from the Insecticide Resistance Action
Committee (IRAC) and the Fungicide Resistance Action Committee’s
(FRAC) covering the specific target sites in target organisms for in-
secticides, acaricides and fungicides and the scientific literature were
reviewed (Leroux et al., 2008; Hermann and Stenzel, 2019; Sanchez-
bayo, 2012; Johnson et al., 2012, 2013; Huang et al., 2013; de Castro
et al., 2015; Sparks and Nauen, 2015). In this context, pyrethroids/

Fig. 1. PRISMA 2009 Flow Diagram for the extensive literature searches on combined toxicity of binary mixtures in bee species.
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Table 2
Overview of xenobiotics with available binary mixture toxicity data in bees: class, chemical group and Mode of action (MoA) (Leroux et al., 2008; Hermann and
Stenzel, 2019; Sanchez-bayo, 2012; Huang et al., 2013; Sparks and Nauen, 2015; Johnson et al., 2012, 2013; de Castro et al., 2015).

Compounds Class of compounds Chemical group MoA

Name Code1

Amitraz Insecticide Amitraz/formamidine 19 Octopamine receptor agonists (Nerve action)
Carbaryl Insecticide Carbamates 1A Acetylcholinesterase (AChE) inhibitors (Nerve action)
Oxamyl
Acephate Insecticide Organo-phosphates 1B Acetylcholinesterase (AChE) inhibitors (Nerve action)
Coumaphos
Dimethoate
Fenpyroximate Insecticide METI acaricides and

insecticides
21A Mitochondrial complex I electron transport inhibitors (Energy

metabolism)
Aldrin Insecticide Organo-chlorine 2A GABA-gated chloride channel antagonists
Dieldrin
Bifenthrin Insecticide Pyrethroids/Pyrethrins 3A Sodium channel modulators (Nerve action)
Cyfluthrin
Fluvalinate
Lambda-cyhalothrin
Tau-fluvalinate

Phenothrin
Acetamiprid Insecticide Neonicotinoid 4A Nicotinic acetylcholine receptor (nAChR) agonists (Nerve action)
Clothianidin
Imidacloprid
Thiacloprid
Thiamethoxam
Sulfoxaflor Insecticide Sulfoximines 4C Nicotinic acetylcholine receptor (nAChR) agonists (Nerve action)
Oxalic acid Insecticide Natural insecticide NA NA
Azoxystrobin Fungicide Methoxy-acrylates

(Strobilurin)
C3 Complex III: cytochrome bc1 (ubiquinol oxidase) at Qo site (cyt b

gene) (Respiration)
Boscalid Fungicide Pyridine-carboxamides NA Complex II: succinate-dehydrogenase (Respiration)

Epoxiconazole Fungicide Triazoles NA C14- demethylase in sterol biosynthesis (erg11/cyp51)
DMI-fungicides (DeMethylation Inhibitors)Fenbuconazole (Indar)

Metconazole
Myclobutanil
Propiconazole
Tebuconazole
Tetraconazole
Triadimefon
Uniconazole-P
Triflumizole Fungicide Imidazoles NA C14-demethylase in sterol biosynthesis (erg11/cyp51)

DMI-fungicides (DeMethylation Inhibitors)Prochloraz
Chlorothalonil Fungicide Chloronitriles NA Multi-site contact activity
Pyraclostrobin Fungicide methoxy-carbamates C3 complex III: cytochrome bc1 (ubiquinol oxidase) at Qo site (cyt b gene)

QoI-fungicides (Quinone outside Inhibitors)
Glyphosate Herbicide Organophosphorus NA Enzyme inhibitor (it disrupts the shikimic acid pathway through

inhibition of the enzyme 5-enolpyruvylshikimate-3-phosphate (EPSP)
synthase)

Diethyl maleate (DEM) Chemical/
Synergist

NA NA Enzyme inhibitor
Glutathione S-transferase (GST) inhibitor

Piperonyl butoxide (PBO) Chemical/
Synergist

Cyclic aromatic 27A Enzyme inhibitor
Blocks pests natural detoxification system (P450-dependent
monooxygenase inhibitor)

S,S,S-tributyl phosphorotrithioate
(DEF)

Chemical/
Synergist

Organo-phosphorus NA Carboxylesterase inhibitor

Fumagillin Veterinary
products/drug

Antimicrobial agent NA Enzyme inhibitor (methionine aminopeptidase2 - MetAP2)

Ivermectin Veterinary
product/drug

Avermectins NA Receptor disrupter (γ-aminobutyric acid receptors, GABA-R)

Oxytetracycline Veterinary
products/drug

Antibiotic NA NA

Phenobarbital Chemical Barbituric acid derivate NA Receptor disrupter (γ-aminobutyric acid receptors, GABA-R)
Quercetin Flavonoid Flavonoid (polyphenol) NA Mammalian P-glycoprotein inhibitor
Salicylic acid Acaricide (organic) NA NA Cox inhibition Anti-inflammatory
Thymol Veterinary

product/drug
Monoterpenoid phenol NA Ergosterol biosynthesis disrupter

Tylosin Veterinary
product/drug

Antimicrobial agent NA Bacteriostatic

Verapamil Drug NA NA P-glycoprotein transport modulator
Xanthotoxin Chemical Furanocoumarin (produce by

plants)
Enzyme inhibitor (xenobiotic-metabolizing P450s)

1 = Code of chemical group name according to IRAC/FRAC classification shemes.
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pyrethrins insecticides and conazole fungicides were the most in-
vestigated pesticides (≈55%) belonging to the MoA groups of “sodium
channel modulators” (≈25%) and “demethylation inhibitors” (≈30%)
respectively, and amongst conazoles, triazole fungicides (Demethyla-
tion Inhibitors) provided the largest experimental datasets for binary
mixtures in honey bees. Similarly, the combined exposure to neonico-
tinoid insecticides (Nicotinic acetylcholine receptor agonists) and con-
azole fungicides were the second most investigated mixtures (35%).

3.2. Data collection and analysis

3.2.1. Data collection
218 individual binary mixtures were collected and included in the

statistical analyses with the majority of toxicological endpoints re-
ported as lethal doses or concentrations (e.g. LD50, LC50,) for pesticides
or pesticides and veterinary drugs combinations with 133, 44 and 41
mixtures reporting acute contact toxicity (i.e. topical application),
chronic oral toxicity and acute oral toxicity, respectively (tables S1, S2,
S3, S7). Combined toxicity data for binary mixtures were available as
dose response data in honey bees species (Johnson et al., 2009, 2012,
2013) for acute contact toxicity (n=92) and acute oral toxicity
(n=15) (tables S3, S7). All toxicity data are available as spreadsheets
on EFSA knowledge junction under the DOI: https://doi.org/10.5281/
zenodo.3383713 and as summary tables in supplementary materials
(Tables S1 – S11) classified according to route and exposure patterns
(i.e. oral, contact, acute and chronic) and toxicological endpoints (e.g.
LD50, LC50) for the honey bees (Apis mellifera) and wild bee species
(Osmia bicornis, Bombus terrestris). All the studies included in this meta-
analysis were performed in vivo experimental laboratory tests according
to standard toxicity tests as provided by the author(s). In honey bees,
acute contact toxicity studies refer to “topical application” and toxicity
tests were mainly conducted on group feeding tests (Johnson et al.,
2013, 2009, 2006; Iwasa et al., 2004; Biddinger et al., 2013). Similarly,
acute oral studies on honey bees and bumble bees were conducted on
group feeding tests through consumption of contaminated food (e.g.

nectar, pollen) (Robinson et al., 2017; Johnson et al., 2012). In contrast,
toxicity studies on solitary bees such as Osmia spp. were conducted on
individual feeding tests (Sgolastra et al., 2017; Biddinger et al., 2013).

3.2.2. Quantification of magnitudes of interaction
3.2.2.1. Estimated mean ratios. EMRs were calculated to characterise
the magnitude of the combined toxicity for each individual binary
mixture and expressed on a harmonised scale starting at 1 to reflect
changes in the toxicological endpoint (EMM) either as an increase (+)
or a decrease (–) in combined toxicity (Quignot et al., 2015).

3.2.2.1.1. Acute contact toxicity. The acute contact toxicity database
represented the largest database in honey bees with 133 LD50 for binary
mixtures including dose response data (n=92) (Tables S1–S3 and
S15). A comprehensive analysis of the database provided an analysis of
Toxic units below, prediction of combined toxicity and calculation of
MDRs in Section 3.2.2 and comparison of EMRs and MDRs in Section
3.2.3. Overall, EMRs for binary mixtures reflecting statistically
significant interactions (non-overlapping 95% CI) were highest
(> 100) for honey bees exposed to neonicotinoid insecticides (e.g.
acetamiprid, thiacloprid) combined with cytochrome P450 (CYP)
inhibitors (e.g. triazole fungicides such as propiconazole) and
synergists (e.g. piperonyl butoxide (PBO) (Table S3). Examples
include EMRs of 1980 for pyrethroid tau-fluvalinate and prochloraz
(TUB=0.07) and PBO (TUB= 0.03) as well as EMRs of 235- and 101-
fold for the neonicotinoid acetamiprid-triflumizole (TUB=0.50) and
acetamiprid-propiconazole (TUB= 0.10) (Table S3). In contrast,
reduced combined toxicity through antagonistic interactions were
also observed in a few instances (e.g. amitraz-oxalic acid, 4-fold)
(Table S3).

3.2.2.1.2. Acute oral toxicity. EMR values were calculated for the 41
LC50 binary mixtures available for pesticides and veterinary drugs
(Tables S4–S8). For honey bees, EMR values reflecting increase in
combined toxicity were statistically significant for tau-fluvalinate
(pyrethroid) with xanthotoxin (furanocoumarin produced by plants)
with a value of ≈200 (Johnson et al., 2012), phenobarbital with

Table 3
Ranking of combined toxicity for binary mixtures of pesticides and veterinary drugs in honey bees (expressed as LD50 µg/bee) following acute oral exposure
(Johnson et al., 2013; 2012; Wilkins et al., 2013). Estimated Mean Ratio (EMR) for the binary mixture (chemical A+B) relative to chemical A alone as well as
Confidence Interval (CI 95%) for EMR are provided.

Study_ID Chemical A Binary Mixture (A+B)

Name EMA Chemical B TUB EMM CI1 (95th) CI2 (95th) EMR (+) EMR (–) CIEMR Slope (± SE)

Study_165 Tau-Fluvalinate2 8.1 (7.2–9.0) Xanthotoxin NA 0.04 0.001 0.13 201 na 0.3 ± 0.09
Study_164 Tau-Fluvalinate2 8.1 (7.2–9.0) Phenobarbital NA 0.19 0.12 0.31 42* 20.7–64.0 1.5 ± 0.12
Study_169 lambda-cyhalothrin2 0.048 (0.034–0.068) Phenobarbital NA 0.02 0.005 0.025 2.8* 0.67–4.1 2.9 ± 0.4
Study_151 Tau-fluvalinate1 9.2 (7.9–10.8) Fumagillin NA 4.8 3.7 6.32 1.9a 1.3–2.5 2.0 ± 0.22
Study_167 Tau-Fluvalinate2 8.1 (7.2–9.0) Salicylic acid NA 4.5 2.2 8.6 1.8 0.49–3.1 1.6 ± 0.33
Study_171 Dieldrin2 0.037 (0.032–0.047) Phenobarbital NA 0.02 0.01 0.03 1.8* 0.86–2.9 3.5 ± 0.30
Study_170 Aldrin2 0.061 (0.0527–0.071) Phenobarbital NA 0.04 0.03 0.05 1.6* 1.1–2.0 3.9 ± 0.36
Study_163 Thymol1 38.1 (27.3–49.6) Fumagillin NA 25.3 21.3 29.7 1.5 0.99–2.0 4.0 ± 0.41
Study_158 Amitraz1 5.47 (4.12–7.1) Oxytetracycline NA 3.7 3.0 4.7 1.5 0.96–2.0 4.2 ± 0.54
Study_160 Amitraz1 5.5 (4.1–7.1) Fumagillin NA 3.9 2.9 5.2 1.4 0.85–2.0 3.8 ± 0.52
Study_161 Thymol1 38.1 (27.3–49.6) Oxytetracycline NA 27.5 15.4 45.1 1.4 0.53–2.2 3.6 ± 0.85
Study_152 Coumaphos1 26 (19.5–39.5) Oxytetracycline NA 20 15.1 27.6 1.3 0.65–1.9 2.5 ± 0.36
Study_159 Amitraz1 5.5 (4.1–7.1) Tylosin NA 4.5 3.8 5.3 1.2 0.82–1.6 3.3 ± 0.29
Study_162 Thymol1 38.1 (27.3–49.6) Tylosin NA 32.3 14.5 47.7 1.2 0.48–1.9 3.1 ± 0.75
Study_153 Coumaphos1 27 (19.5–39.5) Tylosin NA 25.7 17.9 43.0 1. 0.38–1.6 3.5 ± 0.72
Study_149 Tau-fluvalinate1 9.2 (7.95–10.8) Oxytetracycline NA 8.4 7.3 9.8 1.b 0.85–1.3 2.7 ± 0.21
Study_155 Fenpyroximate1 3.2 (2.7–3.9) Oxytetracycline NA 4.7 3.9 5.7 0.69a 1.5 1.1–1.8 3.5 ± 0.37
Study_157 Fenpyroximate1 3.24 (2.7–3.9) Fumagillin NA 5.5 4.4 6.9 0.59a 1.7 1.2–2.2 2.8 ± 0.32
Study_168 Tau-Fluvalinate2 8.1 (7.2–9.0) Indole-3-carbinol NA 8.3 5.9 10.9 0.97 1.03 0.70–1.4 2.5 ± 0.67
Study_150 Tau-fluvalinate1 9.2 (7.9–10.8) Tylosin NA 10.5 8.1 14.9 0.88 1.1 0.73–1.6 2.3 ± 0.34
Study_156 Fenpyroximate1 3.24 (2.7–3.9) Tylosin NA 4.1 3.6 4.6 0.80 1.3 0.97–1.5 2.6 ± 0.18
Study_154 Coumaphos1 28.0 (19.5–39.5) Fumagillin NA 33.3 25.5 49.2 0.78 1.3 0.60–1.9 2.1 ± 0.28
Study_166 Tau-Fluvalinate2 8.1 (7.2–9.0) Quercetin NA 11.4 9.7 13.9 0.71 1.4 1.1–1.7 3.0 ± 0.40

1= Johnson et al., 2013 (tau-fluvalinate+ sucrose): significant differences compared to the respective treatment are indicated with a superscript letter
“a”= significant pre-treatment effect, “b”= significant pre-treatment*acaricide dose effect. 2= Johnson et al., 2012: treatments with non-overlapping 95% con-
fidence interval are considered significantly different. CI= 95% Confidence Interval.
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lambda-cyhalothrin, aldrin and dieldrin with a 2.8-, 1.6- and 1.8-fold
increase in combined toxicity respectively (Table 3). For veterinary
products, EMRs also showed an increase in combined toxicity for
ivermectin (p < 0.0001) with verapamil (EMR=4.1) > quercetin
(EMR=2.6) > fumagillin (EMR=1.8) (Guseman et al., 2016)
(Tables S5 and S6). In contrast, a slight decrease (1.5–1.7 fold) in
combined toxicity of fenpyroximate (METI-acaricide) with
oxytetracycline and fumagillin (veterinary products) was observed
(Table S8).

Sgolastra et al. (2017) investigated combined toxicity, expressed as
standardised mortality ratios (SMR), after exposure to binary mixtures
of pesticides in three bee species (A. mellifera, B. terrestris, O. bicornis) at
different time points (Table S7) and found significant synergistic mor-
tality in all species exposed to non-lethal doses of propiconazole
(TUB= 0.07) and respective LD10 of the neonicotinoid insecticide clo-
thianidin (TUA=0.10). Such a significant increase in combined toxi-
city was measured for acute time points in A. mellifera (4 h and 24 h)
and B. terrestris (4 h), these persisted throughout the experiment (96 h)
in O. bicornis. Overall, SMR the magnitudes of synergism ranged from
4.4-fold in A. mellifera (at 24 h) to 8.7 in O. bicornis (at 4 h) (Table S7).

3.2.2.1.3. Sub-chronic and chronic oral toxicity. EMR values for sub-
chronic (LC50 96 h) and chronic (LC50 240 h) mortality (n= 44) after
exposure to pesticide binary mixtures are provided in supplementary
materials (Tables S9–S13). Overall, EMRs for subchronic toxicity
increased by a maximum of 1.5-fold in A. meliferra and B. terrestris
whereas an EMR of 8.6-fold was reported for O. bicornis (Sgolastra
et al., 2017) (Table S7).

Chronic oral toxicity (LC50 96 h, 240 h) of binary mixtures of pes-
ticides (in Apis mellifera, Bombus terrestris and Osmia bicornis) showed an
increase in toxicity with exposure time for all tested chemicals (n= 6)
(Table S9; Fig. 2). In particular, effects on mortality increased from the
48 h time interval until 240 h exposure time by 1.3–1.6-fold in B. ter-
restris and O. bicornis, respectively (Robinson et al., 2017). Combined
toxicity of tau-fluvalinate (pyrethroid) and propiconazole (SBI fungi-
cide) showed potentiation via inhibition of metabolism by SBI fungi-
cides (Berenbaum and Johnson, 2015; Han et al., 2019). However,
potentiation effects between SBI fungicides and clothianidin were not
observed, and recent findings demonstrated that the expression of
clothianidin induces the CYP9q1 detoxification gene by (Yao et al.,
2018). Zhu et al. (2017) show that none or very minor additive toxicity
was for 5 binary mixture of imidacloprid and other pesticides (i.e.
lambda-cyhalothrin, oxamyl, tetraconazole, glyphosate, sulfoxaflor) at
concentrations similar to the residue levels detected in honey bee hives
(i.e. field concentration) (Table S10). However, the author did not

exclude that synergism may occur under other exposure situations
particularly at higher concentrations or with different proportions of
individual chemicals.

Combined chronic sub-lethal effects of coumaphos (organo-phos-
phate acaricide) and prochloraz (imidazole fungicide) in honey bee
workers were investigated with regards to the molecular immune re-
sponse at different developmental stages (prepupa, white-eyed pupa,
adult) (Cizelj et al., 2016). Changes in mRNA level associated with
upregulation of a range of genes (e.g. abaecin, defensin-1, cactus and
basket) were reported for prochloraz and coumaphos. In addition, our
results on mortality data suggest that an increased toxicity (EMR=70)
is observed when adult bees are exposed to coumaphos-prochloraz
mixture, thus highlighting strong synergistic effects (MDR=12.5)
(Table S3; Fig. 2).

3.2.2.1.4. Acute and chronic oral toxicity of multiple stressors

Toxic Unit approach

As described in the method Section 2.2.2, the Toxic Unit (TU) ap-
proach has been applied to quantify potency of the binary mixture
A+B (TUm) versus compound A (TUA). In addition, the dose of
compound B in each experiment (TUB) has been estimated using
matching potency information (LC50-B) binary mixtures from available
databases (EFSA PPR, 2012; SCCS, SCENHIR and SCHER, 2012; More
et al., 2019). From the data available, this analysis could only be con-
ducted for acute contact toxicity binary mixtures since no matching
datasets for compound B were available for acute and chronic oral
toxicity studies (Table S13–S15). OpenFoodTox and other databases
(e.g. US-EPA, OECD e-chem portal, PPDB-Pesticide Properties Database,
literature) provided 85% and 15% of values for compound B respec-
tively. This approach is first described for available classes of chemicals
namely a. insecticides-P-450 inhibitors and synergists, b. acaricides and
insecticides, c. whole database. All individual binary mixtures data and
summary statistics are available in supplementary material (Tables
S1–S3, S13 and S15).

a) Insecticides-P-450 inhibitors (conazole fungicides, synergists)

Binary mixture experiments between insecticides and P450 in-
hibitors (e.g. conazole fungicides or synergists such as piperonyl but-
oxide - PBO) were the most investigated (55%) (Iwasa et al., 2004;
Biddinger et al., 2013; Johnson et al., 2013; Spurgeon et al., 2016). For
insecticides-conazole fungicides, the largest EMR values were observed
for the pyrethroid insecticide tau-fluvalinate with prochloraz (≈1980

Fig. 2. Estimated Mean Ratio (EMR) following
chronic oral exposure to binary mixtures in dif-
ferent bee species i.e. A. mellifera, B. terrestris, and
O. bicornis female (F) or male (M). EMRs (dots) and
related 95% CI (lines) were reported with different
shapes according to the chemical B (see legend)
investigated in the assay (Spurgeon et al., 2016;
Robinson et al., 2017). Chemicals are reported as
follows: CLO=Clothianidin; DIM=Dimethoate;
PRO=Propiconazole; TAU=Tau-fluvalinate.
Dose of chemical B is reported according to the
author “high” (H) or “low” (L).
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with TUB=0.07), thiacloprid-triflumizole (EMR≈1460, TUB= 0.50),
neonicotinoids acetamiprid and thiacloprid with propiconazole (EMR of
101 and 490, respectively with TUB=0.07) (Johnson et al., 2013,
2012; Iwasa et al., 2004) (Table S3; Fig. 3). Although prochloraz had
the lowest concentration within the mixture, it showed the highest
synergistic effects (MDR=20) when combined with tau-fluvalinate
(LD50= 19.8 µg/bee) (Fig. 3). In contrast, very low doses of azole
fungicides showed a slight antagonist effect of 1.5-fold on pyrethroids
(tau-fluvalinate with propiconazole TUB=0.0003 or myclobutanil
TUB= 0.001) (Johnson et al., 2013) (Table S3; Fig. 3). In addition, dose
response data for the combined toxicity of tau-fluvalinate with myclo-
butanil (TUB= 0.001, 0.01 and 0.07) and propiconazole
(TUB= 0.0003, 0.003 and 0.03) are illustrated following TUB variation
(Fig. 3).

Insecticides and synergists such as tau-fluvalinate-PBO showed the
highest EMR (≈1980) and MDR (≈32), thus demonstrating strong
synergistic effects even at low doses of PBO (TUB= 0.03) (Fig. 4; Tables
S3 and S15). EMRs for tau-fluvalinate, lambda-cyhalothrin and cyflu-
thrin with PBO at higher dose (TUB=0.34) were also large and very
significant (≈ 945, 78 and 30 respectively) (Table S3 and S15; Fig. 4).
It is interesting to note that when the three pyrethroids were tested
without PBO, cyfluthrin shows the highest toxicity (LD50 0.062 µg/bee)
whereas tau-fluvalinate the least (LD50 9.45 µg/bee) (Table S3). Our
results confirm that the differential synergistic effects observed
amongst the three pyrethroids is likely to be due to esterases acting on
the acid moiety (Johnson et al., 2006). Indeed, tau-fluvalinate has an
aromatic acid group, so that it is not sequestered as readily as the other
pyrethroids and shows the greatest magnitude of synergism (Moores
et al., 2012; Gunning et al., 2007). Lower magnitude of interactions
were shown for Cyfluthrin (EMR=2.3) and S,S,S-tributyl phosphoro-
trithioate (DEF) (EMR=30) with PBO (TUB= 0.34) (Table S3 and
S15). Similarly, combined toxicity of lambda-cyhalothrin with diethyl
maleate (DEM) (EMR≈3) and PBO (TUB=0.34) (EMR≈80) in-
dicated greater synergism in the presence of PBO. The scientific basis
for such interactions is of metabolic nature since PBO is a potent CYP
inhibitor and DEF inhibits carboxylesterases (Johnson et al., 2013;
Johnson, 2015; Mao et al., 2017; Wu et al., 2007).

Overall, hymenoptera are known to have a specific metabolic profile
with the lowest copy number of detoxification enzymes within the in-
sect kingdom (Johnson et al., 2013, 2015; EFSA, 2013a). In particular,
honey bees have one of the lowest numbers of CYP genes isoforms of

any invertebrate sequenced (46 sequences). Therefore, our results
confirm that sterol biosynthesis–inhibiting (SBI) fungicides inhibit the
CYP-mediated detoxification of some pyrethroids (e.g. tau-fluvalinate)
and neonicotinoids (e.g. imidacloprid), thus increasing the acaricide
and insecticide toxicity to bees, respectively (Wade et al., 2019; Pilling
et al., 1995; Iwasa et al., 2004; Johnson et al., 2013).

b) Acaricides-Insecticides

Combined toxicity was synergistic for tau-fluvalinate and couma-
phos in a dose dependent fashion (TUB=0.005, 0.01, 0.05, 0.15, 0.49)
with the highest EMR≈30 (TUB= 0.49). In contrast, the magnitude of
synergism between coumaphos and tau-fluvalinate (TUB=0.01, 0.03,
0.08, 0.25) reached a maximum EMR of 3-fold at the highest doses
(TUB=0.08, 0.25). Both compounds are known CYP inhibitors but
based on the limited data available for these two binary mixtures fur-
ther dose response data would be needed to better characterise the dose
dependency of such interactions (Hesketh et al., 2016). In addition,
both tau-fluvalinate and coumaphos are lipophilic and are absorbed by
the wax component of the hive, thus persistent after repeated treat-
ments and these aspects should be taken into account under field sce-
narios (EFSA PPR Panel, 2012). In addition, temporal transitivity (i.e. if
the same effect occurs irrespective of the order of exposure) of the in-
teractions should be taken into account when assessing acaricide-in-
secticide mixtures: fenpyroximate pre-treatment (TUB=0.06) in-
creased tau-fluvalinate toxicity by 8 fold (MDR=5.56), whereas the
opposite is not observed (EMR=1.2) thus showing additive effects
(MDR=1.09) (Fig. 5; Table S15). Apparently, fenpyroximate can
competitively inhibit CYP isoforms involved in tau-fluvalinate detox-
ification while tau-fluvalinate does not interact with CYPs, thus al-
lowing bees to tolerate fenpyroximate exposure (Mao et al., 2011;
Johnson et al., 2013) (see Fig. 5).

Experimental studies on combined toxicity (LD50) following acute
contact exposure to binary mixtures (PPPs - synergists) in different bee
subspecies is presented in Fig. 6 (Rinkevich et al., 2015). Results show
that bioassays using amitraz (acaricide), coumaphos (insecticide) and
piperonyl butoxide (P450 inhibitor) increase phenothrin (insecticide)
acute contact toxicity in all three different honey bee subspecies (i.e.
Carniolan, Italian, and Russian bees). However, with regard to pheno-
thrin sensitivity test (Fig. 6) between the three different honey bees
subspecies, toxicity increased by a maximum of 7 fold in A. mellifera

Fig. 3. Bubble plot for acute contact toxicity of
insecticides (chemical A) and conazole fungicides
(chemical B) in honey bees: Estimated Mean Ratios
(EMR) (A+B) and experimental potency-adjusted
dose (chemical B: Toxic Unit - TUB). Size of the
bubble is proportional to the value of the EMR.
Colours represent different chemicals as reported in
the legend. 1= Iwasa et al. (2014). 2= Biddinger
et al. (2013). 4, 4a= Johnson et al. (2013). All the
studies were statistically significant according to
non-overlapping 95% confidence intervals.
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primorski down to 5 fold in A. mellifera ligustica following acute contact
exposure to coumaphos (Rinkevich et al., 2015).

c) Whole database

Figs. 7–9 compare EMRs for acute contact toxicity studies with their
corresponding individual TU for compound B (TUB) classified according
to three different classes: TUB≤0.10 (Figs. 7 and 8), TUB≤0.11–0.30
and TUB≤0.31–0.60 (Fig. 9). For each TUB class, cumulative fre-
quency distribution graphs are developed in order to quantify the
sensitivity of the toxicological endpoint for chemical B contributing to
the overall binary mixtures toxicity. The distribution of the EMR values

against their “reverse cumulative frequency” is plotted and fits are
tested with Pearson product-moment correlation coefficient (R2). Re-
sults show that TUB values range from 0.0001 to 0.61 (Table S15).
Particularly, 63 (of out 133) binary mixtures experiments reported
acute contact toxicity report TUB values ≤0.1 (Figs. 7 and 8). This
indicates that most of the doses of chemical B applied in the binary
mixtures assay correspond to less than 10% of their estimated relevant
critical endpoint (e.g. LD50 or LC50). Furthermore, if looking at EMRs,
the highest binary mixture toxicity (EMR≈1980) is obtained when low
doses of chemical B is applied in the binary mixture (i.e. TUB= 0.03)
(Fig. 8; Table S15). Hence, our findings would raise a concern that
mixtures of contaminants, although individually at low concentrations

Fig. 4. Bubble plot for acute contact toxicity of
insecticides (chemical A) and synergists (PBO)
(chemical B) in honey bees: Estimated Mean Ratio
(EMR) (A+B) and experimental potency-adjusted
dose (chemical B: Toxic Unit (TUB). Size of the
bubble is proportional to the value of the EMR.
1= Iwasa et al. (2014). 3= Johnson et al. (2009).
4= Johnson et al. (2013). 5= Johnson et al.
(2006). All the studies were statistically significant
according to non-overlapping 95% confidence in-
tervals.

Fig. 5. Bubble plot for combined acute contact
toxicity of acaricides (chemical A) and insecticides
(chemical B) in honey bees. Estimated Mean Ratios
(A+B) and experimental potency-adjusted dose
(chemical B: Toxic Unit (TUB). Size of the bubble is
proportional to the value of the EMR. References:
3= Johnson et al. (2009). 4= Johnson et al.
(2013). *= for statistically significant studies.
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(TUB < 0.05), frequently may enhance the whole binary mixture
toxicity (Cedergreen, 2014; Belden et al., 2007). However, it should be
noted that at very low dose of chemical B (i.e. TUB=0.0003) a de-
crease mixture toxicity i.e. EMR (–)= 1.55 was observed (Fig. 7, table
S15).

Overall, our results confirm that the observed synergism of binary
mixtures in bees is, in most instances, explained as the result of tox-
icokinetic interactions at the level of metabolism either through the
inhibition of a CYP or a transporter which then has toxicodynamic
consequences i.e. pyrethroids and CYP inhibitor piperonyl butoxide,

insecticides with fungicides (Johnson et al., 2010; Moores et al., 2012).
Generally speaking, toxicokinetic interactions of a mixture may cause
deviations from additivity between components of the mixture either
during absorption, distribution, metabolism or excretion.

3.2.3. Predictive models for combined acute contact toxicity and model
deviation ratios

Comparison between predictive models of combined toxicity, to
quantify the deviation from dose addition through the calculation of
MDR values, are illustrated in Figs. 10 and 11 (see also Table S15) for
the 92 acute contact toxicity binary mixtures (LD50 24 h) in honey bees
with available experimental dose response data (Jonker et al., 2005).
For the oral route, chronic binary mixtures and wild bee species, no
data were available to conduct this analysis. Hence, for this analysis,
individual TUs for each compound in the binary mixture experiment
were added to calculate the observed TU of the mixture (TUm) as-
suming CA as default model.

As described in Section 2.2.4, MDR values were calculated ac-
cording to Belden et al. (2007). However, in our analysis, we proposed
refined MDR thresholds in order to provide more conservative predic-
tions for quantifying deviations from the CA model (Table 4). According
to our MDR thresholds, from 92 binary mixtures of pesticides, com-
bined toxicity of the binary mixtures was synergistic in 72% (66 data-
sets with 48 statistically significant), 17% additive (16 datasets) and

Fig. 6. Fore stplot comparing honey-bee subspecies sensitivity to combined toxicity of binary mixtures (Rinkevich et al., 2015). Estimated Mean Ratio (EMR dots)
and related 95% CI (lines) were reported in different honey bee subspecies (A. mellifera carnica, A. mellifera ligustica, A. mellifera primorski) following acute contact
exposure to phenotrin with three different chemicals (amitraz, coumaphos and PBO).
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11% antagonistic (10 datasets with 2 statistically significant) (Table
S15 and Figs. 10 and 11). Amongst synergies, the most commonly
tested binary mixtures were conazole fungicide-insecticides combina-
tions (Table S15). The statistical significance analysis for each binary
mixture was performed using non-overlapping 95% CI of the experi-
mental EMA vs 95% CI of the experimental EMM for chemical A+B).
16 out 66 mixtures were classified as statistical synergism according to
our MDR thresholds (Table S15) although these were below the generic
2-fold deviation set as generic value by other authors regardless of
target organism (e.g. Daphnia spp., honey bee), mixture (e.g. metals vs
pesticides), exposure route (e.g. oral vs contact) and effects measured
(e.g. lethal vs sublethal) in the experimental assays (Belden et al., 2007;
Cedergreen, 2014). Here, we propose refined MDR thresholds to predict
potential deviations from the DA model for the specific assessment of
acute contact toxicity studies in honey bees.

3.2.4. Comparison of estimated mean ratios and model deviation ratios
Correlations between the analyses of EMR (3.2.2) and MDR pre-

dictions (3.2.3) for acute contact toxicity of binary mixtures in honey
bees (n=92) are presented on a scatterplot and Pearson product-mo-
ment correlation coefficient (R2) in Fig. 12 (see also Table S15). Cor-
relations between EMR and MDR values showed different reliability
according to the type of experiment. In fact, when considering binary
mixtures for compounds used in potentiation experiments (i.e. syner-
gists, thus presenting TUB < 0.05), the correlation between the two
variables was highly reliable (R2=1) (Fig. 12 - red dots). In contrast,
for non-potentiation experiments (TUB > 0.05) the correlation be-
tween the EMR and MDR slightly decreased (R2= 0.72). However,
potentiation experiments of binary mixtures in honey bees are often
reported as they reflect exposure to mixtures under field scenarios
(Iwasa et al., 2004; Johnson et al., 2012, 2013; Cedergreen, 2014;
Spurgeon et al., 2016; Robinson et al., 2017). Hence, EMR analyses can
provide a reliable tool to predict combined toxicity of binary mixtures,
conducted as potentiation experiments, given the toxicity of chemical A
(LD50 A) and the binary mixture (LD50 A+B). This tool can be po-
tentially useful when dose response data are scarce and do not allow an
MDR analysis to be performed, particularly for the identification of
mixtures which cause synergistic interactions in honey bees. However,
limitations of the EMR approach have to be acknowledged since it does
not fully comply with the DA principles and does not assume any
mathematical model for the prediction of combined toxicity (DA, Re-
sponse Addition, etc.).

The following thresholds for the EMR analysis are proposed:

• EMR < 0.95 indicates “antagonism” (i.e. corresponding to
MDR < 0.83)
• 0.95 < EMR < 1.40 indicates “dose addition” (i.e. corresponding
to 0.83 < MDR < 1.25)
• EMR > 1.40 indicates “synergism” (i.e. corresponding to
MDR > 1.25)

4. Conclusions and implications for risk assessment

This manuscript constitutes the first consolidated quantitative re-
view of the available in vivo laboratory experiments on combined
toxicity of binary mixtures in bee species to support of hazard as-
sessment. As noted in the introduction, exposure assessment and full
risk characterisation are beyond the scope of this paper but their high
relevance and implications for risk assessment are highlighted below
together with future perspectives. Overall, 218 datasets were analysed
with 61%, 20% and 19% reporting acute contact toxicity, chronic oral
toxicity and acute oral toxicity respectively. Magnitude of interactions
were estimated using EMRs, from experimental studies lacking dose
response data (133 acute contact, 54 chronic oral and 41 acute oral
datasets). Available dose response data for 92 binary mixtures (acute
contact data) allowed the quantification of TU values, the testing of
deviation from dose addition and the estimation of MDRs. Overall, dose
addition, synergism and antagonism were found in 17%, 72% and 11%
respectively.

Strong correlations were found between EMRs and MDRs particu-
larly for experimental studies involving potentiation experiments in-
dicating toxicokinetic (TK) interactions as key mechanisms through
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Table 4
Comparison of Model Deviation Ratios (MDR) thresholds according to current scientific literature (Belden et al., 2007; Cedergreen, 2004) and refined MDR
thresholds according to our analysis.

Mixture effect Thresholds for Model Deviation Ratio (MDR) (according to Belden et al., 2007; Cedergreen, 2014) Refined thresholds for Model Deviation Ratio (MDR)

Additive 0.5≤MDR≤2.0 0.83≤MDR≤1.25
Synergism MDR > 2.0 MDR > 1.25
Antagonism MDR < 0.5 MDR < 0.83
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mostly inhibition of metabolism (CYP, esterases and transporters) as
demonstrated with the potent CYP inhibitors piperonyl butoxide, tria-
zole fungicides, tau-fluvalinate, the carboxyl esterase inhibitor DEF and
the transporter inhibitor ivermectin (Johnson et al., 2013, 2015;
Guseman et al., 2016; Mao et al., 2017; Wu et al., 2007). In addition,
bees have also been shown to have the lowest copy number of detox-
ification enzymes within the insect kingdom, particularly for CYP iso-
forms, methyltransferases and glutathione-s-transferases and inhibition
of such limited metabolic capacity may also potentially lead to an in-
crease in combined toxicity of chemicals (Johnson et al., 2013, 2015;
EFSA, 2013a; Wade et al., 2019). Examples include inhibition of CYP-
mediated detoxification by fungicides after exposure to the pyrethroid
tau-fluvalinate or induction of imidacloprid metabolism leading to an
increase in toxicity (Wade et al., 2019; Pilling et al., 1995; Iwasa et al.,
2004; Johnson et al., 2013; Manning et al., 2017). A recent in silico
docking study (Mao et al., 2017) using the active pocket of CYP9Q1, a
broadly substrate-specific CYP with high quercetin-metabolising ac-
tivity in the honey bee, and 121 pesticides, showed that six triazole
fungicides inhibited CYP9Q1 though binding its catalytic site. In addi-
tion, five of six mitochondrial-related nuclear genes were down-regu-
lated in adult honey bees fed binary mixtures of quercetin and the
triazole myclobutanil and midgut metabolism of quercetin was reduced
and was associated with reduced production of thoracic ATP, the en-
ergy source for flight muscles. Such findings have implications and
authors conluded that, although fungicides have low acute toxicity,
CYP inhibition interfering with quercetin detoxification may compro-
mise mitochondrial regeneration, ATP production and bee health (Mao
et al., 2017).

From this analysis, key conclusions with regards to hazard as-
sessment of mixtures in bee species can be formulated:

1. Understanding the mechanistic basis of combined toxicity in bee
species is critical for hazard assessment particularly because in-
hibition or induction of metabolism/transport may increase or de-
crease toxicity depending on the consequence of metabolism i.e
bioactivation to a toxic metabolite or detoxification (Spurgeon et al.,
2016; Hesketh et al., 2016; Guseman et al., 2016; Mao et al., 2017).

2. Available data on binary mixtures were mostly generated with well
known inhibitors and may give a biased view of a more complex
situation.

3. Applications of this analysis include: (a) use of the current open
source database (DOI: https://doi.org/10.5281/zenodo.3383713) to
provide scientific evidence for interactions and their magnitude for
estimating mixture uncertainty factors for specific pesticide binary

mixtures (see MIXTOX EFSA guidance (More et al., 2019)). (b)
Development of in silico tools such as Quantitative-structure activity
relationship (QSAR) models to predict combined toxicity of mixtures
in honey bees for acute contact toxicity and other endpoints
(chronic, sub-lethal), bee species (solitary bees, bumble bees) and
routes (oral) in the future. Such models have been developed as
classifiers for pesticides of different potency/threshold classes in
bacteria (Toropova et al., 2012).

4. Key data gaps have been identified and include the need for: a)
further laboratory testing and in silico docking studies in honey bees
and wild bees to broaden our understanding of acute and chronic
combined toxicity (contact and oral) and its dose dependency for
different classes of pesticides and contaminants. This would support
the characterisation of the synergistic potential of chemicals in bees
including TK interactions either through inhibition or induction of
metabolism or through direct toxicodynamic (TD) interactions. It is
noted that chemical adjuvants and additives applied in pesticide
commercial formulations may have a significant influence on com-
bined toxicity and such formulations should be also tested either a
components or as whole mixtures. b) Generation of basic TK (e.g.
half life) and bioaccumulation data for chemicals in bee species to
allow for the development and use of Dynamic Energy Budget (DEB)
models for hazard assessment of mixtures in bee species (EFSA,
2013b; EFSA, 2014a; Hesketh et al., 2016; David et al., 2016;
Rortais et al., 2017; EFSA, 2017a,b; Gradish et al., 2019).

Despite the above mentioned data gaps, availability of quantitative
hazard metrics for combined toxicity will only provide a piece of the
puzzle. Therefore, addressing the exposure dimension remains cri-
tical for (a) characterising the likelihood of co-occurrence of binary
mixtures (or more complex mixtures) and (b) the potential magnitude
of interactions at field relevant concentrations. Future directions to
advance address exposure assessment science for honey bees and soli-
tary bees include:

1. Data collection of realistic co-occurrence of multiple pesticide, ve-
terinary drugs and contaminant residues in crops and plants visited
by bees and bee matrices bearing in mind space and time,

2. Estimations of consumption data (e.g. contaminated sources such as
nectar/pollen/water) for each bee species and life-stage (Tosi et al.,
2018; EFSA AHAW Panel, 2016). This is particularly relevant for
honey bees and wild bees (solitary and bumble bees) which can be
exposed (via contact or oral routes) over a period of time, either
directly through applications of multiple active ingredients in the

Fig. 12. Scatter plot investigating the correlation
between Estimated Mean Ratio (EMR) and Model
Deviation Ratio (MDR) for acute contact toxicity of
binary mixtures in honey bees. Red dots represent
potentiation experiments (TUB < 0.05). Blue tri-
angles represent no-potentiation experiments
(TUB > 0.05). (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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field or indirectly through consumption of contaminated pollen or
nectar (Tosi et al., 2018; Johnson, 2015; EFSA, 2013a; Simon-Delso
et al., 2017; Prado et al., 2019).

3. Exposure assessment of multiple pesticides and contaminants for
different routes (aerial, chemigation or ground application) and
over different seasons in the same crop as tank mixtures (Tosi et al.,
2018).

For risk characterisation, a key recommendation for mixture as-
sessment is the development of common risk metrics for honey bees and
wild bee species which can then be compared to protection goals de-
fined by risk managers. The choice of these methods is part of the
iteration process of a fit for purpose mixture risk assessment which
initiates in the problem formulation as part of the constant dialogue
between risk assessors and risk managers (More et al., 2019). In prin-
ciple, the risk metrics are selected using tiering principles depending on
(a) context of the risk assessment (regulated products, contaminants,
bee species and level of biological organisation (individual, hive,
colony, population, landscape), (b) data available on exposure (co-oc-
currence at field relevant concentrations, consumption patterns, routes
of exposure) and hazard (evidence for combined toxicity (dose addi-
tion, toxicokinetic interactions (e.g. synergism), bioaccumulation,
timelines and resources (More et al., 2019). In such contexts, harmo-
nised risk metrics can be developed and will be dependent on data gaps
identified in this manuscript for the hazard and exposure dimensions
ranging from low tier to high tier approaches. Low tier approaches
include the application of the sum of TU i.e. individual TUs from la-
boratory LD50s assuming dose addition and simple exposure estimates
(e.g. rates of application of chemicals (e.g. pesticides) and default
consumption in bees). High tier approaches can include probabilistic
risk distributions for individuals, colony and population level based on
the integration of model deviation ratios adjusted for internal dose
(lethal or sub-lethal) using DEB models and probabilistic exposure as-
sessment (co-occurrence, multiple routes, probabilistic consumption).
At the population and species level, Species Sensitivity Distributions
(SSDs) can also be applied to identify hazard concentrations (HCx) for
multiple chemicals of concern according to the protection goal and
compared to exposure estimates in populations (More et al., 2019). Low
or high tier risk metrics are then compared to a given protection goal.
The assessment may stops, if no concerns are identified. In contrast,
indication of a potential risk for bee health may result in the need for a
risk management decision or refinement of the risk characterisation
using higher tier risk metrics (More et al., 2019).

Besides combined toxicity of multiple chemicals, a growing body of
evidence has been published with regards to interactions between
honey bee infectious agents (fungi, bacteria and viruses), predators,
chemicals such as pesticides and contaminants (Collison et al., 2016;
Hesketh et al., 2016), temperature and nutritional stressors (Tosi et al.,
2017; Rortais et al., 2017). Examples provided in Table S10 include 1.
combined exposure to clothianidin and imidacloprid and enhanced
susceptibility of honey bees to deformed wing virus (DWV) (Di Prisco
et al., 2013); 2. combined exposure toimidacloprid and Nosema ceranae
(microsporidian parasite) in bees and increased sub-lethal effects and
individual mortality rates (Alaux et al., 2010; Vidau et al., 2011; Pettis
et al., 2012). 3. combined exposure to clothianidin, thiamethoxam and
nutritional stress reducing honey bee survival (Tosi et al., 2017).

In order to take into account such complex stressors on bee health,
the scientific Committee of EFSA is currently developing holistic ap-
proaches for the risk assessment of multiple stressors in honey bees
at the individual, hive level, colony, population and landscape level
from a request of the European Parliament (EFSA Scientific Commitee,
in preparation). Key challenges for implementing such harmonised
methods into practice, need to be highlighted with particular reference
to key data gaps in bees: combined toxicity (lethal and sub-lethal, TK
data), occurrence and consumption patterns, the need to develop
common risk metrics (e.g. toxic units, risk ratios, margin of exposure)

while applying tiering principles depending on context of the assess-
ment, data available, timelines and resources (More et al., 2019). Fi-
nally, data from OMICs technologies can provide inputs to the honey
bee colony model (APISRAM), under development at EFSA, to develop
biormarkers of sub-lethal effects at the individual, hive, colony and
population level and further quantify the impact of single and multiple
stressors on bee health at the genome (transcriptomics), proteome
(proteomics) and metabolome (metabolomics) level (EFSA, 2017a, b;
Rortais et al., 2017; Aguilera et al., 2018).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The views expressed in this manuscript do not reflect the views of
the European Food Safety Authority and are the authors only. This work
has been financed by the European Food Safety Authority (EFSA) under
the contract number NP/EFSA/AFSCO/2016/02 (Edoardo
Carnesecchi), RC/EFSA/EMRISK/2013/02 (LASER Analytica Europe:
Audrey Grech, Billy Amzal, Nadia Guignot) and OC/EFSA/SCER/2018/
01 (Mario Negri Institute for Pharmacological Research, S-IN Soluzioni
Informatiche, Molecular Networks GmbH and Altamira). Authors
would like also to thank Lisa Hunston for the proof reading.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.105256.

References

Aguilar, R., Ashworth, L., Galetto, L., Aizen, M.A., 2006. Plant reproductive susceptibility
to habitat fragmentation: review and synthesis through a meta-analysis. Ecol. Lett. 9,
968–980. https://doi.org/10.1111/j.1461-0248.2006.00927.x.

Aguilera, J., Aguilera-Gomez, M., Barrucci, F., Cocconcelli, P.S., Davies, H., Denslow, N.,
Lou Dorne, J., Grohmann, L., Herman, L., Hogstrand, C., Kass, G.E.N., Kille, P., Kleter,
G., Nogué, F., Plant, N.J., Ramon, M., Schoonjans, R., Waigmann, E., Wright, M.C.,
2018. EFSA Scientific Colloquium 24 – ’omics in risk assessment: state of the art and
next steps. EFSA Support. Publ. 15. https://doi.org/10.2903/sp.efsa.2018.EN-1512.

Alaux, C., Brunet, J.-L., Dussaubat, C., Mondet, F., Tchamitchan, S., Cousin, M., Brillard,
J., Baldy, A., Belzunces, L.P., Le Conte, Y., 2010. Interactions between Nosema mi-
crospores and a neonicotinoid weaken honeybees (Apis mellifera). Environ. Microbiol.
12, 774–782. https://doi.org/10.1111/j.1462-2920.2009.02123.x.

Ashman, T.-L., Knight, T.M., Steets, J.A., Amarasekare, P., Burd, M., Campbell, D.R.,
Dudash, M.R., Johnston, M.O., Mazer, S.J., Mitchell, R.J., Morgan, M.T., Wilson,
W.G., 2004. Pollen limitation of plant reproduction: ecological and evolutionary
causes and consequences. Ecology 85, 2408–2421. https://doi.org/10.1890/03-
8024.

Backhaus, T., Altenburger, R., Faust, M., Frein, D., Frische, T., Johansson, P., Kehrer, A.,
Porsbring, T., 2013. Proposal for environmental mixture risk assessment in the
context of the biocidal product authorization in the EU. Environ. Sci. Eur. 25, 4.
https://doi.org/10.1186/2190-4715-25-4.

Backhaus, T., Arrhenius, Å., Blanck, H., 2004. Toxicity of a mixture of dissimilarly acting
substances to natural algal communities: predictive power and limitations of in-
dependent action and concentration addition. Environ. Sci. Technol. 38, 6363–6370.
https://doi.org/10.1021/es0497678.

Belden, J.B., Gilliom, R.J., Lydy, M.J., 2007. How well can we predict the toxicity of
pesticide mixtures to aquatic life? Integr. Environ. Assess. Manag. 3, 364–372.
https://doi.org/10.1002/ieam.5630030307.

Berenbaum, M.R., Johnson, R.M., 2015. Xenobiotic detoxification pathways in honey
bees. Curr. Opin. Insect Sci. 10, 51–58. https://doi.org/10.1016/j.cois.2015.03.005.

Biddinger, D.J., Robertson, J.L., Mullin, C., Frazier, J., Ashcraft, S.A., Rajotte, E.G., Joshi,
N.K., Vaughn, M., 2013. Comparative toxicities and synergism of apple orchard
pesticides to Apis mellifera (L.) and Osmia cornifrons (Radoszkowski). PLoS One 8, 1–6.
https://doi.org/10.1371/journal.pone.0072587.

Bliss, C.I., 1939. The toxicity of poisons applied jointly. Ann. Appl. Biol. 26, 585–615.
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x.

Bommarco, R., Marini, L., Vaissière, B.E., 2012. Insect pollination enhances seed yield,
quality, and market value in oilseed rape. Oecologia 169, 1025–1032. https://doi.
org/10.1007/s00442-012-2271-6.

Bopp, S., Berggren, E., Kienzler, A., Van Der Linden, S., Worth, A., 2015. Scientific

E. Carnesecchi, et al. Environment International 133 (2019) 105256

14

https://doi.org/10.1016/j.envint.2019.105256
https://doi.org/10.1016/j.envint.2019.105256
https://doi.org/10.1111/j.1461-0248.2006.00927.x
https://doi.org/10.2903/sp.efsa.2018.EN-1512
https://doi.org/10.1111/j.1462-2920.2009.02123.x
https://doi.org/10.1890/03-8024
https://doi.org/10.1890/03-8024
https://doi.org/10.1186/2190-4715-25-4
https://doi.org/10.1021/es0497678
https://doi.org/10.1002/ieam.5630030307
https://doi.org/10.1016/j.cois.2015.03.005
https://doi.org/10.1371/journal.pone.0072587
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1007/s00442-012-2271-6
https://doi.org/10.1007/s00442-012-2271-6


methodologies for the combined effects of chemicals – a survey and literature review.
Use of novel and alternative methods in the assessment of effects from combined
exposure to multiple chemicals. EUR 27471 EN. doi:10.2788/093511.

Buonaccorsi, J.P., Iyer, H.K., 1984. A comparison of confidence regions and designs in
estimation of a ratio. Commun. Stat. - Simul. Comput. 13, 723–741. https://doi.org/
10.1080/03610918408812411.

Burkle, L.A., Marlin, J.C., Knight, T.M., 2013. Plant-pollinator interactions over 120
years: loss of species, co-occurrence, and function. Science 339, 1611–1615. https://
doi.org/10.1126/science.1232728.

Casella, G., Berger, R., 2002. Statistical inference. vol. 2. Duxbury Pacific Grove.
Cedergreen, N., Svendsen, C., Backhaus, T., 2013. Toxicity prediction of chemical mix-

tures. Encycl. Environ. Manag. https://doi.org/10.1081/E-EEM-120046684.
Cedergreen, N., 2014. Quantifying synergy: a systematic review of mixture toxicity stu-

dies within environmental toxicology. PLoS One 9, e96580. https://doi.org/10.1371/
journal.pone.0096580.

Cedergreen, N., Sørensen, H., Svendsen, C., 2012. Can the joint effect of ternary mixtures
be predicted from binary mixture toxicity results? Sci. Total Environ. 427–428,
229–237. https://doi.org/10.1016/j.scitotenv.2012.03.086.

Cizelj, I., Glavan, G., Božič, J., Oven, I., Mrak, V., Narat, M., 2016. Prochloraz and cou-
maphos induce different gene expression patterns in three developmental stages of
the Carniolan honey bee (Apis mellifera carnica Pollmann). Pestic. Biochem. Physiol.
128, 68–75. https://doi.org/10.1016/j.pestbp.2015.09.015.

Collison, E., Hird, H., Cresswell, J., Tyler, C., 2016. Interactive effects of pesticide ex-
posure and pathogen infection on bee health – a critical analysis. Biol. Rev. https://
doi.org/10.1111/brv.122066.

Commission, E., 2016. Bee health – EU Actions. Available at https://ec.europa.eu/food/
animals/live_animals/bees_en (accessed 27 February 2019).

Coors, A., Frische, T., 2011. Predicting the aquatic toxicity of commercial pesticide
mixtures. Environ. Sci. Eur. https://doi.org/10.1186/2190-4715-23-22.

Corbet, S.A., Williams, I.H., Osborne, J.L., 1991. Bees and the pollination of crops and
wild flowers in the european community. Bee World 72, 47–59. https://doi.org/10.
1080/0005772X.1991.11099079.

Culley, T.M., Weller, S.G., Sakai, A.K., 2002. The evolution of wind pollination in an-
giosperms. Trends Ecol. Evol. 17, 361–369. https://doi.org/10.1016/S0169-
5347(02)02540-5.

David, A., Botías, C., Abdul-Sada, A., Nicholls, E., Rotheray, E.L., Hill, E.M., Goulson, D.,
2016. Widespread contamination of wildflower and bee-collected pollen with com-
plex mixtures of neonicotinoids and fungicides commonly applied to crops. Environ.
Int. 88, 169–178. https://doi.org/10.1016/j.envint.2015.12.011.

de Castro, R.D., de Souza, T.M.P.A., Bezerra, L.M.D., Ferreira, G.L.S., de Brito Costa,
E.M.M., Cavalcanti, A.L., 2015. Antifungal activity and mode of action of thymol and
its synergism with nystatin against Candida species involved with infections in the
oral cavity: an in vitro study. BMC Complement. Altern. Med. 15, 417. https://doi.
org/10.1186/s12906-015-0947-2.

de Groot, R.S., Wilson, M.A., Boumans, R.M., 2002. A typology for the classification,
description and valuation of ecosystem functions, goods and services. Ecol. Econ. 41,
393–408. https://doi.org/10.1016/S0921-8009(02)00089-7.

Di Pasquale, G., Alaux, C., Le Conte, Y., Odoux, J.-F., Pioz, M., Vaissière, B.E., Belzunces,
L.P., Decourtye, A., 2016. Variations in the availability of pollen resources affect
honey bee health. PLoS One 11, e0162818. https://doi.org/10.1371/journal.pone.
0162818.

Di Prisco, G., Cavaliere, V., Annoscia, D., Varricchio, P., Caprio, E., Nazzi, F., Gargiulo, G.,
Pennacchio, F., 2013. Neonicotinoid clothianidin adversely affects insect immunity
and promotes replication of a viral pathogen in honey bees. Proc. Natl. Acad. Sci.
110, 18466–18471. https://doi.org/10.1073/pnas.1314923110.

Dorne, J. Lou, Richardson, J., Kass, G., Georgiadis, N., Monguidi, M., Pasinato, L., Cappe,
S., Verhagen, H., Robinson, T., 2017. Editorial: OpenFoodTox: EFSA’s open source
toxicological database on chemical hazards in food and feed. EFSA J. 15. https://doi.
org/10.2903/j.efsa.2017.e15011.

EFSA (European Food Safety Authority), 2014a. Towards an integrated environmental
risk assessment of multiple stressors on bees: review of research projects in Europe,
knowledge gaps and recommendations. EFSA J. 12. https://doi.org/10.2903/j.efsa.
2014.3594.

EFSA (European Food Safety Authority), 2013a. Towards holistic approaches to the risk
assessment of multiple stressors in bees, EFSA Scientific Colloquium XVIII Summary
Report. doi:10.2805/53269.

EFSA (European Food Safety Authority), 2013b. Guidance on the risk assessment of plant
protection products on bees (Apis mellifera, Bombus spp. and solitary bees). EFSA J.
11. https://doi.org/10.2903/j.efsa.2013.3295.

EFSA Panel on Plant Protection Products and their Residues (PPR), 2012. Scientific
Opinion on the science behind the development of a risk assessment of Plant
Protection Products on bees (Apis mellifera, Bombus spp. and solitary bees). EFSA J.
10, 2668. https://doi.org/10.2903/j.efsa.2012.2668.

EFSA (European Food Safety Authority), 2014b. Further development and update of
EFSA’s Chemical Hazards Database (NP/EFSA/EMRISK/2012/01). EFSA Support.
Publ. 11. doi:10.2903/sp.efsa.2014.EN-654.

EFSA Panel on Animal Health and Welfare (AHAW), 2016. Assessing the health status of
managed honeybee colonies (HEALTHY-B): a toolbox to facilitate harmonised data
collection. EFSA J. 14, 04578. https://doi.org/10.2903/j.efsa.2016.4578.

EFSA (European Food Safety Authority), 2017a. Specifications for field data collection
contributing to honey bee model corroboration and verification. EFSA Support. Publ.
14. https://doi.org/10.2903/sp.efsa.2017.EN-1234.

EFSA (European Food Safety Authority), 2017b. Collecting and sharing data on bee
health: towards a European Bee Partnership. EFSA Support. Publ. 14. https://doi.org/
10.2903/sp.efsa.2017.en-1299.

EFSA Scientific Committee. A holistic approach for the risk assessment of multiple

stressors in honey bees (Apis mellifera spp.). in preparation.
Eilers, E.J., Kremen, C., Smith Greenleaf, S., Garber, A.K., Klein, A.-M., 2011.

Contribution of pollinator-mediated crops to nutrients in the human food supply.
PLoS One 6, e21363. https://doi.org/10.1371/journal.pone.0021363.

Ellis, M.D., Baxendale, F.P., 1997. Toxicity of seven monoterpenoids to tracheal mites
(Acari: Tarsonemidae) and their honey bee (Hymenoptera: Apidae) hosts when ap-
plied as fumigants. J. Econ. Entomol. 90, 1087–1091. https://doi.org/10.1093/jee/
90.5.1087.

Everitt, Brian, Skrondal, Anders, 2010. Standardized mortality rate (SMR). The
Cambridge dictionary of statistics. Cambridge University Press, New York, pp. 409
ISBN 9780521766999.

Faraggi, D., Izikson, P., Reiser, B., 2003. Confidence intervals for the 50 per cent response
dose. Stat. Med. https://doi.org/10.1002/sim.1368.

Faust, M., Altenburger, R., Backhaus, T., Blanck, H., Boedeker, W., Gramatica, P., Hamer,
V., Scholze, M., Vighi, M., Grimme, L., 2003. Joint algal toxicity of 16 dissimilarly
acting chemicals is predictable by the concept of independent action. Aquat. Toxicol.
63, 43–63. https://doi.org/10.1016/S0166-445X(02)00133-9.

Fieller, E.C., 1954. Some Problems in Interval Estimation. J. R. Stat. Soc. Ser. B. https://
doi.org/10.1111/j.2517-6161.1954.tb00159.x.

Formato, G., Zilli, R., Condoleo, R., Marozzi, S., Davis, I., Smulders, F.J.M., 2011. Risk
management in primary apicultural production. Part 2: a Hazard Analysis Critical
Control Point approach to assuring the safety of unprocessed honey. Vet. Q. 31,
87–97. https://doi.org/10.1080/01652176.2011.567755.

Franz, V.H., 2007. Ratios: A short guide to confidence limits and proper use. Cornell
University. https://arxiv.org/abs/0710.2024.

Goulson, D., Nicholls, E., Botias, C., Rotheray, E.L., 2015. Bee declines driven by com-
bined stress from parasites, pesticides, and lack of flowers. Science 347, 1255957.
https://doi.org/10.1126/science.1255957.

Gradish, A.E., van der Steen, J., Scott-Dupree, C.D., Cabrera, A.R., Cutler, G.C., Goulson,
D., Klein, O., Lehmann, D.M., Lückmann, J., O’Neill, B., Raine, N.E., Sharma, B.,
Thompson, H., 2019. Comparison of pesticide exposure in honey bees (Hymenoptera:
Apidae) and bumble bees (Hymenoptera: Apidae): implications for risk assessments.
Environ. Entomol. 48, 12–21. https://doi.org/10.1093/ee/nvy168.

Gunning, R.V., Moores, G.D., Jewess, P., Boyes, A.L., Devonshire, A.L., Khambay, B.P.,
2007. Use of pyrethroid analogues to identify key structural features for enhanced
esterase resistance in Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). Pest
Manag. Sci. 63, 569–575. https://doi.org/10.1002/ps.1377.

Guseman, A.J., Miller, K., Kunkle, G., Dively, G.P., Pettis, J.S., Evans, J.D.,
VanEngelsdorp, D., Hawthorne, D.J., 2016. Multi-drug resistance transporters and a
mechanism-based strategy for assessing risks of pesticide combinations to honey
bees. PLoS One. https://doi.org/10.1371/journal.pone.0148242.

Han, W., Yang, Y., Gao, J., Zhao, D., Ren, C., Wang, S., Zhao, S., Zhong, Y., 2019. Chronic
toxicity and biochemical response of Apis cerana cerana (Hymenoptera: Apidae) ex-
posed to acetamiprid and propiconazole alone or combined. Ecotoxicology 28,
399–411. https://doi.org/10.1007/s10646-019-02030-4.

Hesketh, H., Lahive, E., Horton, A.A., Robinson, A.G., Svendsen, C., Rortais, A., Dorne, J.-
L., Baas, J., Spurgeon, D.J., Heard, M.S., 2016. Extending standard testing period in
honeybees to predict lifespan impacts of pesticides and heavy metals using dynamic
energy budget modelling. Sci. Rep. 6, 37655. https://doi.org/10.1038/srep37655.

Hermann, D., Stenzel, K., 2019. FRAC Mode-of-action classification and resistance risk of
fungicides. In: Modern Crop Protection Compounds. Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany, pp. 589–608. https://doi.org/10.1002/9783527699261.
ch14.

Heys, K.A., Shore, R.F., Pereira, M.G., Jones, K.C., Martin, F.L., 2016. Risk assessment of
environmental mixture effects. RSC Adv. 6, 47844–47857. https://doi.org/10.1039/
c6ra05406d.

Hirschberg, J., Lye, J., 2010. A geometric comparison of the delta and fieller confidence
intervals. Am. Stat. 64, 234–241. https://doi.org/10.1198/tast.2010.08130.

Hoshide, A., Drummond, F., Stevens, T., Venturini, E., Hanes, S., Sylvia, M., Loftin, C.,
Yarborough, D., Averill, A., 2018. What is the value of wild bee pollination for wild
blueberries and cranberries, and who values it? Environments 5, 98. https://doi.org/
10.3390/environments5090098.

Huang, W.-F., Solter, L.F., Yau, P.M., Imai, B.S., 2013. Nosema ceranae escapes fumagillin
control in honey bees. PLoS Pathog. 9, e1003185. https://doi.org/10.1371/journal.
ppat.1003185.

Iwasa, T., Motoyama, N., Ambrose, J.T., Roe, R.M., 2004. Mechanism for the differential
toxicity of neonicotinoid insecticides in the honey bee, Apis mellifera. Crop Prot. 23,
371–378. https://doi.org/10.1016/j.cropro.2003.08.018.

Jacques, A., Laurent, M., Ribiere-Chabert, M., Saussac, M., Bougeard, S., Hendrikx, P.,
Chauzat, M., 2016. Statistical analysis on the EPILOBEE dataset: explanatory vari-
ables related to honeybee colony mortality in EU during a 2 year survey. EFSA
Support. Publ. 13. https://doi.org/10.2903/sp.efsa.2016.EN-883.

Johnson, R.M., 2015. Honey bee toxicology. Annu. Rev. Entomol. 60, 415–434. https://
doi.org/10.1146/annurev-ento-011613-162005.

Johnson, R.M., Dahlgren, L., Siegfried, B.D., Ellis, M.D., 2013. Acaricide, fungicide and
drug interactions in honey bees (Apis mellifera). PLoS One 8, e54092. https://doi.org/
10.1371/journal.pone.0054092.

Johnson, R.M., Ellis, M.D., Mullin, C.A., Frazier, M., 2010. Pesticides and honey bee
toxicity – USA. Apidologie 41, 312–331. https://doi.org/10.1051/apido/2010018.

Johnson, R.M., Mao, W., Pollock, H.S., Niu, G., Schuler, M.A., Berenbaum, M.R., 2012.
Ecologically appropriate xenobiotics induce cytochrome P450s in Apis mellifera. PLoS
One 7, 1–9. https://doi.org/10.1371/journal.pone.0031051.

Johnson, R.M., Pollock, H.S., Berenbaum, M.R., 2009. Synergistic interactions between
in-hive miticides in Apis mellifera. J. Econ. Entomol. 102, 474–479. https://doi.org/
10.1603/029.102.0202.

Johnson, R.M., Wen, Z., Schuler, M.A., Berenbaum, M.R., 2006. Mediation of pyrethroid

E. Carnesecchi, et al. Environment International 133 (2019) 105256

15

https://doi.org/10.1080/03610918408812411
https://doi.org/10.1080/03610918408812411
https://doi.org/10.1126/science.1232728
https://doi.org/10.1126/science.1232728
https://doi.org/10.1081/E-EEM-120046684
https://doi.org/10.1371/journal.pone.0096580
https://doi.org/10.1371/journal.pone.0096580
https://doi.org/10.1016/j.scitotenv.2012.03.086
https://doi.org/10.1016/j.pestbp.2015.09.015
https://doi.org/10.1111/brv.122066
https://doi.org/10.1111/brv.122066
https://ec.europa.eu/food/animals/live_animals/bees_en
https://ec.europa.eu/food/animals/live_animals/bees_en
https://doi.org/10.1186/2190-4715-23-22
https://doi.org/10.1080/0005772X.1991.11099079
https://doi.org/10.1080/0005772X.1991.11099079
https://doi.org/10.1016/S0169-5347(02)02540-5
https://doi.org/10.1016/S0169-5347(02)02540-5
https://doi.org/10.1016/j.envint.2015.12.011
https://doi.org/10.1186/s12906-015-0947-2
https://doi.org/10.1186/s12906-015-0947-2
https://doi.org/10.1016/S0921-8009(02)00089-7
https://doi.org/10.1371/journal.pone.0162818
https://doi.org/10.1371/journal.pone.0162818
https://doi.org/10.1073/pnas.1314923110
https://doi.org/10.2903/j.efsa.2017.e15011
https://doi.org/10.2903/j.efsa.2017.e15011
https://doi.org/10.2903/j.efsa.2014.3594
https://doi.org/10.2903/j.efsa.2014.3594
https://doi.org/10.2903/j.efsa.2013.3295
https://doi.org/10.2903/j.efsa.2012.2668
https://doi.org/10.2903/j.efsa.2016.4578
https://doi.org/10.2903/sp.efsa.2017.EN-1234
https://doi.org/10.2903/sp.efsa.2017.en-1299
https://doi.org/10.2903/sp.efsa.2017.en-1299
https://doi.org/10.1371/journal.pone.0021363
https://doi.org/10.1093/jee/90.5.1087
https://doi.org/10.1093/jee/90.5.1087
http://refhub.elsevier.com/S0160-4120(19)32026-4/h0210
http://refhub.elsevier.com/S0160-4120(19)32026-4/h0210
http://refhub.elsevier.com/S0160-4120(19)32026-4/h0210
https://doi.org/10.1002/sim.1368
https://doi.org/10.1016/S0166-445X(02)00133-9
https://doi.org/10.1111/j.2517-6161.1954.tb00159.x
https://doi.org/10.1111/j.2517-6161.1954.tb00159.x
https://doi.org/10.1080/01652176.2011.567755
https://arxiv.org/abs/0710.2024
https://doi.org/10.1126/science.1255957
https://doi.org/10.1093/ee/nvy168
https://doi.org/10.1002/ps.1377
https://doi.org/10.1371/journal.pone.0148242
https://doi.org/10.1007/s10646-019-02030-4
https://doi.org/10.1038/srep37655
https://doi.org/10.1002/9783527699261.ch14
https://doi.org/10.1002/9783527699261.ch14
https://doi.org/10.1039/c6ra05406d
https://doi.org/10.1039/c6ra05406d
https://doi.org/10.1198/tast.2010.08130
https://doi.org/10.3390/environments5090098
https://doi.org/10.3390/environments5090098
https://doi.org/10.1371/journal.ppat.1003185
https://doi.org/10.1371/journal.ppat.1003185
https://doi.org/10.1016/j.cropro.2003.08.018
https://doi.org/10.2903/sp.efsa.2016.EN-883
https://doi.org/10.1146/annurev-ento-011613-162005
https://doi.org/10.1146/annurev-ento-011613-162005
https://doi.org/10.1371/journal.pone.0054092
https://doi.org/10.1371/journal.pone.0054092
https://doi.org/10.1051/apido/2010018
https://doi.org/10.1371/journal.pone.0031051
https://doi.org/10.1603/029.102.0202
https://doi.org/10.1603/029.102.0202


insecticide toxicity to honey bees (Hymenoptera: Apidae) by cytochrome P450
monooxygenases. J. Econ. Entomol. 99, 1046–1050. https://doi.org/10.1093/jee/99.
4.1046.

Jonker, M.J., Svendsen, C., Bedaux, J.J.M., Bongers, M., Kammenga, J.E., 2005.
Significance testing of synergistic/antagonistic, dose level–dependent, or dose ra-
tio–dependent effects in mixture dose–response analysis. Environ. Toxicol. Chem. 24,
2701. https://doi.org/10.1897/04-431R.1.

Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts, T.H., Winfree, R.,
Bommarco, R., Brittain, C., Burley, A.L., Cariveau, D., Carvalheiro, L.G., Chacoff,
N.P., Cunningham, S.A., Danforth, B.N., Dudenhöffer, J.-H., Elle, E., Gaines, H.R.,
Garibaldi, L.A., Gratton, C., Holzschuh, A., Isaacs, R., Javorek, S.K., Jha, S., Klein,
A.M., Krewenka, K., Mandelik, Y., Mayfield, M.M., Morandin, L., Neame, L.A.,
Otieno, M., Park, M., Potts, S.G., Rundlöf, M., Saez, A., Steffan-Dewenter, I., Taki, H.,
Viana, B.F., Westphal, C., Wilson, J.K., Greenleaf, S.S., Kremen, C., 2013. A global
quantitative synthesis of local and landscape effects on wild bee pollinators in
agroecosystems. Ecol. Lett. 16, 584–599. https://doi.org/10.1111/ele.12082.

Kienzler, A., Berggren, E., Bessems, J., Bopp, S., Van Der Linden, S., Worth, A., 2014.
Assessment of mixtures - review of regulatory requirements and guidance. JRC
Science and Policy Report. European Commission, Joint Research Center, Ispra, Italy.
doi:10.2788/84264.

Kienzler, A., Bopp, S.K., van der Linden, S., Berggren, E., Worth, A., 2016. Regulatory
assessment of chemical mixtures: Requirements, current approaches and future per-
spectives. Regul. Toxicol. Pharmacol. 80, 321–334. https://doi.org/10.1016/j.yrtph.
2016.05.020.

Klein, A.-M., Vaissière, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen,
C., Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world
crops. Proc. R. Soc. B Biol. Sci. 274, 303–313. https://doi.org/10.1098/rspb.2006.
3721.

Klein, S., Cabirol, A., Devaud, J.-M., Barron, A.B., Lihoreau, M., 2017. Why bees are so
vulnerable to environmental stressors. Trends Ecol. Evol. 32, 268–278. https://doi.
org/10.1016/j.tree.2016.12.009.

Le Conte, Y., Navajas, M., 2008. Climate change: impact on honey bee populations and
diseases. Rev. Sci. Tech. l’OIE 27, 485–510. https://doi.org/10.20506/rst.27.2.1819.

Leroux, P., Bach, J., Debieu, D., Fillinger, S., Fritz, R., Walker, A.S., 2008. Mode of action
of sterol biosynthesis inhibitors and resistance phenomena in fungi. Mod. Fungic. In:
Antifung. Compd. V 15th Int. Reinhardsbrunn Symp. Friedrichroda, Ger. May 6–10,
pp. 85–92.

Loewe, S., Muischnek, H., 1926. Über Kombinationswirkungen. Arch. für Exp. Pathol. und
Pharmakologie 114, 313–326. https://doi.org/10.1007/BF01952257.

Manning, P., Ramanaidu, K., Cutler, G.C., 2017. Honey bee survival is affected by in-
teractions between field-relevant rates of fungicides and insecticides used in apple
and blueberry production. FACETS 2, 910–918. https://doi.org/10.1139/facets-
2017-0025.

Mao, W., Schuler, M.A., Berenbaum, M.R., 2011. CYP9Q-mediated detoxification of
acaricides in the honey bee (Apis mellifera). Proc. Natl. Acad. Sci. 108, 12657–12662.
https://doi.org/10.1073/pnas.1109535108.

Mao, W., Schuler, M.A., Berenbaum, M.R., 2017. Disruption of quercetin metabolism by
fungicide affects energy production in honey bees (Apis mellifera). Proc. Natl. Acad.
Sci. 114, 2538–2543. https://doi.org/10.1073/pnas.1614864114.

Moher, D., 2009. Preferred reporting items for systematic reviews and meta-analyses: the
PRISMA statement. Ann. Intern. Med. 151, 264. https://doi.org/10.7326/0003-4819-
151-4-200908180-00135.

Moores, G.D., Wegorek, P., Zamojska, J., Field, L., Philippou, D., 2012. The effect of a
piperonyl butoxide/tau-fluvalinate mixture on pollen beetle (Meligethes aeneus) and
honey bees (Apis mellifera). Pest Manag. Sci. 68, 795–800. https://doi.org/10.1002/
ps.2328.

More, S.J., Bampidis, V., Benford, D., Bennekou, S.H., Bragard, C., Halldorsson, T.I.,
Hernández-Jerez, A.F., Koutsoumanis, K., Naegeli, H., Schlatter, J.R., Silano, V.,
Nielsen, S.S., Schrenk, D., Turck, D., Younes, M., Benfenati, E., Castle, L., Cedergreen,
N., Hardy, A., Laskowski, R., Leblanc, J.C., Kortenkamp, A., Ragas, A., Posthuma, L.,
Svendsen, C., Solecki, R., Testai, E., Dujardin, B., Kass, G.E., Manini, P., Jeddi, M.Z.,
Dorne, J.C., Hogstrand, C., 2019. Guidance on harmonised methodologies for human
health, animal health and ecological risk assessment of combined exposure to mul-
tiple chemicals. EFSA J. 17. https://doi.org/10.2903/j.efsa.2019.5634.

Nazzi, F., Brown, S.P., Annoscia, D., Del Piccolo, F., Di Prisco, G., Varricchio, P., Della
Vedova, G., Cattonaro, F., Caprio, E., Pennacchio, F., 2012. Synergistic parasite-pa-
thogen interactions mediated by host immunity can drive the collapse of honeybee
colonies. PLoS Pathog. 8, e1002735. https://doi.org/10.1371/journal.ppat.1002735.

Nazzi, F., Pennacchio, F., 2014. Disentangling multiple interactions in the hive ecosystem.
Trends Parasitol. 30, 556–561. https://doi.org/10.1016/j.pt.2014.09.006.

OECD (Organisation for Economic Co-operation and Development), 2017. Test No. 245:
honey bee (Apis mellifera L.), chronic oral toxicity test (10-day feeding), OECD
Guidelines for the Testing of Chemicals, Section 2. OECD. doi:10.1787/
9789264284081-en.

Pettis, J.S., VanEngelsdorp, D., Johnson, J., Dively, G., 2012. Pesticide exposure in honey
bees results in increased levels of the gut pathogen Nosema. Naturwissenschaften 99,
153–158. https://doi.org/10.1007/s00114-011-0881-1.

Pilling, E.D., Bromleychallenor, K.A.C., Walker, C.H., Jepson, P.C., 1995. Mechanism of
synergism between the pyrethroid insecticide λ-cyhalothrin and the imidazole fun-
gicide prochloraz, in the honeybee (Apis mellifera L.). Pestic. Biochem. Physiol. 51,
1–11. https://doi.org/10.1006/pest.1995.1001.

Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O., Kunin, W.E., 2010.
Global pollinator declines: trends, impacts and drivers. Trends Ecol. Evol. 25,
345–353. https://doi.org/10.1016/j.tree.2010.01.007.

Prado, A., Pioz, M., Vidau, C., Requier, F., Jury, M., Crauser, D., Brunet, J.-L., Le Conte,
Y., Alaux, C., 2019. Exposure to pollen-bound pesticide mixtures induces longer-lived

but less efficient honey bees. Sci. Total Environ. 650, 1250–1260. https://doi.org/10.
1016/j.scitotenv.2018.09.102.

Quignot, N., Grech, A., Amzal, B., 2015. Data collection on combined toxicity of multiple
chemicals for animal health and ecological risk assessment. EFSA Support. Publ. 12.
https://doi.org/10.2903/sp.efsa.2015.EN-861.

Raftery, A.E., Schweder, T., 1993. Inference about the ratio of two parameters, with
application to whale censusing. Am. Stat. 47, 259–264. https://doi.org/10.1080/
00031305.1993.10475994.

Renzi, M.T., Amichot, M., Pauron, D., Tchamitchian, S., Brunet, J.L., Kretzschmar, A.,
Maini, S., Belzunces, L.P., 2016. Chronic toxicity and physiological changes induced
in the honey bee by the exposure to fipronil and Bacillus thuringiensis spores alone or
combined. Ecotoxicol. Environ. Saf. 127, 205–213. https://doi.org/10.1016/j.
ecoenv.2016.01.028.

Rinkevich, F.D., Margotta, J.W., Pittman, J.M., Danka, R.G., Tarver, M.R., Ottea, J.A.,
Healy, K.B., 2015. Genetics, synergists, and age affect insecticide sensitivity of the
honey bee, Apis mellifera. PLoS One 10, 2–13. https://doi.org/10.1371/journal.pone.
0139841.

Robinson, A., Hesketh, H., Lahive, E., Horton, A.A., Svendsen, C., Rortais, A., Dorne, J.
Lou, Baas, J., Heard, M.S., Spurgeon, D.J., 2017. Comparing bee species responses to
chemical mixtures: Common response patterns? PLoS One 12, 1–21. https://doi.org/
10.1371/journal.pone.0176289.

Rortais, A., Arnold, G., Dorne, J.-L., More, S.J., Sperandio, G., Streissl, F., Szentes, C.,
Verdonck, F., 2017. Risk assessment of pesticides and other stressors in bees: prin-
ciples, data gaps and perspectives from the European Food Safety Authority. Sci.
Total Environ. 587–588, 524–537. https://doi.org/10.1016/j.scitotenv.2016.09.127.

Rose, T., Kremen, C., Thrupp, A., Gemmill-Herren, B., Graub, B., Azzu, N., Antunes, V.,
Bruteig, I.E., Buchori, D., Donaldson, J., Dhyani, P.P., Garibaldi, L., Getz, A., Goss, M.,
Iqbal, J., Kasina, M., Kinuthia, W., Kwapong, P., Manetto, S., Martins, D., Nyamasio,
G., Nyamongo, D.O., Odhiambo, C., América Suarez De Oliveira, D., Owusu, E.H.,
Pandey, B., Poole, C., Roubik, D.W., Roy, P., Waghchoure, E., Lusike, W., 2015.
Policy analysis paper: mainstreaming of biodiversity and ecosystem services with a
focus on pollination. United Nations Food and Agriculture Organization (FAO) with
the contribution of participants at the “Policies for Pollination Management” Worksh.
Available at: http://www.fao.org/3/a-i4242e.pdf.

R Core Team, 2019. R: A Language and Environment for Statistical Computing. Vienna,
Austria. Available at https://www.R-project.org/.

Sánchez-Bayo, F., 2012. Insecticides Mode of Action in relation to their toxicity to non-
target organisms. J. Environ. Anal. Toxicol. s4. https://doi.org/10.4172/2161-0525.
S4-002.

Sanchez-Bayo, F., Goka, K., 2016. Impacts of pesticides on honey bees. In: Beekeeping and
Bee Conservation - Advances in Research. InTech. https://doi.org/10.5772/62487.

SCCS, SCENHIR and SCHER (Scientific Committee on Health and Environmental Risks, S.
C. on C.S., S.C. on E., N.I.H.R., 2012. Opinion on the toxicity and assessment of
chemical mixtures. doi:10.2772/21444.

Sgolastra, F., Medrzycki, P., Bortolotti, L., Renzi, M.T., Tosi, S., Bogo, G., Teper, D.,
Porrini, C., Molowny-Horas, R., Bosch, J., 2017. Synergistic mortality between a
neonicotinoid insecticide and an ergosterol-biosynthesis-inhibiting fungicide in three
bee species. Pest Manag. Sci. 73, 1236–1243. https://doi.org/10.1002/ps.4449.

Simon-Delso, N., San Martin, G., Bruneau, E., Delcourt, C., Hautier, L., 2017. The chal-
lenges of predicting pesticide exposure of honey bees at landscape level. Sci. Rep. 7,
3801. https://doi.org/10.1038/s41598-017-03467-5.

Sparks, T.C., Nauen, R., 2015. IRAC: Mode of action classification and insecticide re-
sistance management. Pestic. Biochem. Physiol. 121, 122–128. https://doi.org/10.
1016/j.pestbp.2014.11.014.

Spurgeon, D., Hesketh, H., Lahive, E., Svendsen, C., Baas, J., Robinson, A., Horton, A.,
Heard, M., 2016. Chronic oral lethal and sub-lethal toxicities of different binary
mixtures of pesticides and contaminants in bees (Apis mellifera, Osmia bicornis and
Bombus terrestris). EFSA Support. Publ. 13. https://doi.org/10.2903/sp.efsa.2016.en-
1076.

Steinhauer, N.A., Rennich, K., Wilson, M.E., Caron, D.M., Lengerich, E.J., Pettis, J.S.,
Rose, R., Skinner, J.A., Tarpy, D.R., Wilkes, J.T., VanEngelsdorp, D., 2014. A national
survey of managed honey bee 2012–2013 annual colony losses in the USA: results
from the Bee Informed Partnership. J. Apic. Res. 53, 1–18. https://doi.org/10.3896/
IBRA.1.53.1.01.

Tinto, W.F., Elufioye, T.O., Roach, J., 2017. Waxes. In: Pharmacognosy. Elsevier, pp.
443–455.

Tong, L., Nieh, J.C., Tosi, S., 2019. Combined nutritional stress and a new systemic
pesticide (flupyradifurone, Sivanto) reduce bee survival, food consumption, flight
success, and thermoregulation. Chemosphere 237, 124408. https://doi.org/10.1016/
j.chemosphere.2019.124408.

Toropova, A.P., Toropov, A.A., Benfenati, E., Gini, G., Leszczynska, D., Leszczynski, J.,
2012. CORAL: models of toxicity of binary mixtures. Chemom. Intell. Lab. Syst. 119,
39–43. https://doi.org/10.1016/j.chemolab.2012.10.001.

Tosi, S., Nieh, J.C., 2019. Lethal and sublethal synergistic effects of a new systemic
pesticide, flupyradifurone (Sivanto), on honeybees. Proc. R. Soc. B Biol. Sci. 286,
20190433. https://doi.org/10.1098/rspb.2019.0433.

Tosi, S., Costa, C., Vesco, U., Quaglia, G., Guido, G., 2018. A 3-year survey of Italian
honey bee-collected pollen reveals widespread contamination by agricultural pesti-
cides. Sci. Total Environ. 615, 208–218. https://doi.org/10.1016/j.scitotenv.2017.
09.226.

Tosi, S., Nieh, J.C., Sgolastra, F., Cabbri, R., Medrzycki, P., 2017. Neonicotinoid pesticides
and nutritional stress synergistically reduce survival in honey bees. Proc. R. Soc. B
Biol. Sci. 284, 20171711. https://doi.org/10.1098/rspb.2017.1711.

Van der Zee, R., Pisa, L., Andonov, S., Brodschneider, R., Charrière, J.-D., Chlebo, R.,
Coffey, M.F., Crailsheim, K., Dahle, B., Gajda, A., Gray, A., Drazic, M.M., Higes, M.,
Kauko, L., Kence, A., Kence, M., Kezic, N., Kiprijanovska, H., Kralj, J., Kristiansen, P.,

E. Carnesecchi, et al. Environment International 133 (2019) 105256

16

https://doi.org/10.1093/jee/99.4.1046
https://doi.org/10.1093/jee/99.4.1046
https://doi.org/10.1897/04-431R.1
https://doi.org/10.1111/ele.12082
https://doi.org/10.1016/j.yrtph.2016.05.020
https://doi.org/10.1016/j.yrtph.2016.05.020
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1016/j.tree.2016.12.009
https://doi.org/10.1016/j.tree.2016.12.009
https://doi.org/10.20506/rst.27.2.1819
https://doi.org/10.1007/BF01952257
https://doi.org/10.1139/facets-2017-0025
https://doi.org/10.1139/facets-2017-0025
https://doi.org/10.1073/pnas.1109535108
https://doi.org/10.1073/pnas.1614864114
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.1002/ps.2328
https://doi.org/10.1002/ps.2328
https://doi.org/10.2903/j.efsa.2019.5634
https://doi.org/10.1371/journal.ppat.1002735
https://doi.org/10.1016/j.pt.2014.09.006
https://doi.org/10.1007/s00114-011-0881-1
https://doi.org/10.1006/pest.1995.1001
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.scitotenv.2018.09.102
https://doi.org/10.1016/j.scitotenv.2018.09.102
https://doi.org/10.2903/sp.efsa.2015.EN-861
https://doi.org/10.1080/00031305.1993.10475994
https://doi.org/10.1080/00031305.1993.10475994
https://doi.org/10.1016/j.ecoenv.2016.01.028
https://doi.org/10.1016/j.ecoenv.2016.01.028
https://doi.org/10.1371/journal.pone.0139841
https://doi.org/10.1371/journal.pone.0139841
https://doi.org/10.1371/journal.pone.0176289
https://doi.org/10.1371/journal.pone.0176289
https://doi.org/10.1016/j.scitotenv.2016.09.127
http://www.fao.org/3/a-i4242e.pdf
https://www.R-project.org/
https://doi.org/10.4172/2161-0525.S4-002
https://doi.org/10.4172/2161-0525.S4-002
https://doi.org/10.5772/62487
https://doi.org/10.1002/ps.4449
https://doi.org/10.1038/s41598-017-03467-5
https://doi.org/10.1016/j.pestbp.2014.11.014
https://doi.org/10.1016/j.pestbp.2014.11.014
https://doi.org/10.2903/sp.efsa.2016.en-1076
https://doi.org/10.2903/sp.efsa.2016.en-1076
https://doi.org/10.3896/IBRA.1.53.1.01
https://doi.org/10.3896/IBRA.1.53.1.01
http://refhub.elsevier.com/S0160-4120(19)32026-4/opt0XMkAvpvLZ
http://refhub.elsevier.com/S0160-4120(19)32026-4/opt0XMkAvpvLZ
https://doi.org/10.1016/j.chemosphere.2019.124408
https://doi.org/10.1016/j.chemosphere.2019.124408
https://doi.org/10.1016/j.chemolab.2012.10.001
https://doi.org/10.1098/rspb.2019.0433
https://doi.org/10.1016/j.scitotenv.2017.09.226
https://doi.org/10.1016/j.scitotenv.2017.09.226
https://doi.org/10.1098/rspb.2017.1711


Martin Hernandez, R., Mutinelli, F., Kim Nguyen, B., Otten, C., Özkırım, A., Pernal,
S.F., Peterson, M., Ramsay, G., Santrac, V., Soroker, V., Topolska, G., Uzunov, A.,
Vejsnaes, F., Wei, S., Wilkins, S., 2012. Managed honey bee colony losses in Canada,
China, Europe, Israel and Turkey. J. Apic. Res. 51, 100–114. https://doi.org/10.
3896/IBRA.1.51.1.12.

Vanengelsdorp, D., Meixner, M.D., 2010. A historical review of managed honey bee po-
pulations in Europe and the United States and the factors that may affect them. J.
Invertebr. Pathol. 103, S80–S95. https://doi.org/10.1016/j.jip.2009.06.011.

Vidau, C., Diogon, M., Aufauvre, J., Fontbonne, R., Viguès, B., Brunet, J.-L., Texier, C.,
Biron, D.G., Blot, N., El Alaoui, H., Belzunces, L.P., Delbac, F., 2011. Exposure to
sublethal doses of fipronil and thiacloprid highly increases mortality of honeybees
previously infected by Nosema ceranae. PLoS One 6, e21550. https://doi.org/10.
1371/journal.pone.0021550.

Von Luxburg, U., Franz, V.H., 2009. A geometric approach to confidence sets for ratios:
Fieller’s theorem, generalizations, and bootstrap. Stat. Sin. https://doi.org/10.2307/
24308947.

Wade, A., Lin, C.-H., Kurkul, C., Regan, E.R., Johnson, R.M., 2019. Combined toxicity of
insecticides and fungicides applied to California almond orchards to honey bee larvae
and adults. Insects 10, 20. https://doi.org/10.3390/insects10010020.

Wilkins, S., Jarratt, N., Harkin, S., Thompson, H., Coulson, M., 2013. Effects of solvent on
the toxicity of dimethoate in a honey bee in vitro larval study. Pest Manag. Sci. 69,
462–463. https://doi.org/10.1002/ps.3465.

Williams, I.H., 1994. The dependence of crop production within the European Union on
pollination by honey bees. Agric. Zool. Rev. 6, 229–257.

Williamson, S.M., Wright, G.A., 2013. Exposure to multiple cholinergic pesticides impairs
olfactory learning and memory in honeybees. J. Exp. Biol. 216, 1799–1807. https://
doi.org/10.1242/jeb.083931.

Wu, G., Miyata, T., Kang, C.Y., Xie, L.H., 2007. Insecticide toxicity and synergism by
enzyme inhibitors in 18 species of pest insect and natural enemies in crucifer vege-
table crops. Pest Manag. Sci. 63, 500–510. https://doi.org/10.1002/ps.1361.

Yao, J., Zhu, Y.C., Adamczyk, J., 2018. Responses of honey bees to lethal and sublethal
doses of formulated clothianidin alone and mixtures. J. Econ. Entomol. 111,
1517–1525. https://doi.org/10.1093/jee/toy140.

Zhu, Y.C., Yao, J., Adamczyk, J., Luttrell, R., 2017. Feeding toxicity and impact of imi-
dacloprid formulation and mixtures with six representative pesticides at residue
concentrations on honey bee physiology (Apis mellifera). PLoS One 12, e0178421.
https://doi.org/10.1371/journal.pone.0178421.

E. Carnesecchi, et al. Environment International 133 (2019) 105256

17

https://doi.org/10.3896/IBRA.1.51.1.12
https://doi.org/10.3896/IBRA.1.51.1.12
https://doi.org/10.1016/j.jip.2009.06.011
https://doi.org/10.1371/journal.pone.0021550
https://doi.org/10.1371/journal.pone.0021550
https://doi.org/10.2307/24308947
https://doi.org/10.2307/24308947
https://doi.org/10.3390/insects10010020
https://doi.org/10.1002/ps.3465
http://refhub.elsevier.com/S0160-4120(19)32026-4/h0580
http://refhub.elsevier.com/S0160-4120(19)32026-4/h0580
https://doi.org/10.1242/jeb.083931
https://doi.org/10.1242/jeb.083931
https://doi.org/10.1002/ps.1361
https://doi.org/10.1093/jee/toy140
https://doi.org/10.1371/journal.pone.0178421

	Investigating combined toxicity of binary mixtures in bees: Meta-analysis of laboratory tests, modelling, mechanistic basis and implications for risk assessment
	Introduction
	Materials and methods
	Extensive literature searches
	Data collection and analysis
	Data collection
	Quantification of magnitudes of interaction
	Estimated mean ratios
	Standardised mortality ratios
	Toxic Unit approach
	Predictive models for combined toxicity and model deviation ratios
	Comparison of estimated mean ratios and model deviation ratios


	Results and discussion
	Extensive literature searches
	Data collection and analysis
	Data collection
	Quantification of magnitudes of interaction
	Estimated mean ratios
	Acute contact toxicity
	Acute oral toxicity
	Sub-chronic and chronic oral toxicity
	Acute and chronic oral toxicity of multiple stressors
	Predictive models for combined acute contact toxicity and model deviation ratios
	Comparison of estimated mean ratios and model deviation ratios


	Conclusions and implications for risk assessment
	mk:H1_25
	Acknowledgements
	Supplementary material
	References




